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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

The past decade has seen rapid growth in research on aldo-keto
reductases (AKR), a superfamily of NADPH-dependent oxidoreductases
that share structural and functional features with one another, and are
ubiquitous in a wide range of organisms, including bacteria, yeasts, and
man. Human tissues contain many different forms of aldo-keto reduc-
tases, but their intrinsic physiological functions are still poorly under-
stood. However, AKRs have long been associated with the polyol
pathway in which high circulating glucose is converted to sorbitol. The
accumulation of this hyperosmotic sugar may contribute to the com-
plications arising from diabetes, and has led the search for aldose-
reductase inhibitors. Growing evidence exists that AKR enzymes play a
role in the detoxication of aldehydes and ketones, including the deactiva-
tion of the important reactive aldehydes derived from the endogenous
oxidation of lipids. Further, AKR enzymes are of great interest because
they contribute to the metabolism of prostaglandins, drugs, steroid hor-
mones, and environmental chemical carcinogens, including aflatoxins
and carcinogens in tobacco smoke. In addition, finally, evidence exists
that AKRs function as modulators of stress response associated with the
exposure of cells to toxins and drugs.

Research on AKR enzymes is very significant because aldehydes and
ketones are ubiquitous in cellular environments because they are by-products
of various endogenous metabolic oxidative processes and because many
environmental contaminants are precursors of these reactive intermediatives in
biological systems. The keto group is chemically reactive and therefore has the
potential of reacting with biological macromolecules, thus resulting in
posttranslational modifications of proteins, or the formation of DNA adducts.
Depending on their chemical stabilities and structures, and if not removed by
DNA repair enzymes, DNA lesions can cause mutations upon DNA repli-
cation. If these mutations occur at critical sites in tumor suppressor or growth-
activating genes, these DNA lesions can contribute to the initiation stages of
cancers.

xi
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The potential contributions of aldo-keto reductases in the etiology of
cancers associated with exposure to tobacco specific nitrosamines, mycotoxins,
and polycyclic aromatic hydrocarbons (PAH) has recently elicited considerable
interest in the chemical carcinogenesis research community. For example, the
metabolic activation of PAH by cytochrome P450 enzymes (CYP) to trans-
dihydrodiols, and their further transformation to highly genotoxic diol epox-
ides, has long been considered as the most important metabolic pathway of
activation of this class of chemical carcinogens. However, now a growing
appreciation exists that the AKR enzymes may also contribute significantly to
the oxidation of the trans-dihydrodiol PAH generated by CYPs to yield ortho-
quinones. The latter are highly reactive and readily form not only potentially
mutagenic DNA adducts, but also contribute to cellular oxidative stress by
generating reactive oxygen species via redox cycling pathways.

Our understanding of the structural and functional properties of
AKRs has grown immensely within the past few years, and research in
this area is still accelerating at a great pace. This emerging trend in toxi-
cology research was noted with great interest by the Division of Chem-
ical Toxicology, and it was concluded that a full symposium at a Nati-
onal American Chemical Society (ACS) meeting would be most timely
and elicit considerable interest. Trevor Penning, a leader in the field of
aldo-keto reductases, was invited to organize a symposium on this topic
at the 224™ National Meeting of the ACS that was held on August 20,
2002, in Boston, Massachusetts. Given the tremendous response and
interest in this burgeoning area of AKR research, the ACS has selected
this Symposium for publication in the ACS Symposium Series. The ACS
Division of Chemical Toxicology is proud to sponsor this book, the first
one to be published under the aegis of this still young ACS Division.

The 16 chapters in this book, all written by well-recognized
leaders in their respective research areas, provide authoritative over-
views of this emerging field. Knowledgeable researchers, new investi-
gators, students, and the interested casual reader will find, all in one
place, not only authoritative and informative accounts of the status of
each subject area, but also insights into the significance of the latest
research findings. This book will fill an important void because of a lack
of recently published, comprehensive, and wide-ranging reviews on
aldo-keto reductases. There is no question that the publication of this
volume will be viewed as an important milestone in the field. I fully ex-
pect that this comprehensive book will serve as an invaluable resource
on AKR research for both new and seasoned investigators and their
students for many years to come!

xii
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The editors of this book are indebted to Gail Vogel, whose
editorial skills made this symposium book possible.

Nicholas E. Geacintov
Program Chair, 2000-2002

ACS Division of Chemical Toxicology
Chemistry Department

New York University

New York, NY 10003-5189

Email: ngl@nyu.edu
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Chapter 1

Introduction and Overview of the Aldo-Keto
Reductase Superfamily

Trevor M. Penning

Department of Pharmacology, University of Pennsylvania, Philadelphia, PA 191046084

Aldo-Keto Reductases (AKRs) are a rapidly growing gene
superfamily involved in the formation of hyperosmotic sugars,
which can contribute to diabetic complications. They also
metabolize reactive aldehydes, prostaglandins, steroid
hormones, chemical carcinogens and drugs. These enzymes
(>115) are generally monomeric, cytosolic, NAD(P)H-
dependent- oxidoreductases, that share high sequence identity
(<40%) and similar three-dimensional-structures e.g., (o/f)s-
barrels and belong to 14 families. For a complete listing of the
14 families visit: www.med.upenn.edw/akr. AKRs detoxify
endogenous toxicants, e.g., cytotoxic/mutagenic bifunctional
electrophiles derived from the decomposition of lipid
hydroperoxides. AKRs also metabolize exogenous toxic
substances. They play a role in tobacco-carcinogenesis since
they catalyze the detoxication of nicotine derived nitrosamino-
ketones and activate polycyclic aromatic trans-dihydrodiols to
yield reactive and redox active ortho-quinones. Discrete
isozymes also detoxify mycotoxin metabolites, e.g., aflatoxin
dialdehyde and protect against hepatocellular carcinoma. The
aflatoxin reductases are induced by cancer chemopreventive
agents, e.g., ethoxyquin. Evidence is mounting that AKRs are
stress regulated genes and play a central role in the cellular
response to osmotic, electrophilic and oxidative stress.

© 2004 American Chemical Society
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Introduction

Members of the Aldo-Keto Reductase (AKR) gene superfamily are
expressed in prokaryotes and eukaroytes and are highly conserved (/-3). In
mammals they are involved in the metabolism of endogenous toxicants (sugar
and lipid derived aldehydes) (4,5) and exogenous toxicants (carcinogen
metabolites e.g., tobacco specific nitrosamino-ketones (4-(N-methyl-N-
nitrosamino)- 1,3-pyridyl)-1-butanone (NNK), PAH trans-dihydrodiols and
aflatoxin dialdehyde (6-8). Many of the reactions are characterized by the
reduction of carbonyl groups to alcohols. Because of their broad substrate
specificity AKRs may be ultimately as important as the CYP superfamily in
drug and xenobiotic metabolism. Yet little is known about their drug substrates.
Individual variation in the expression of AKR isoforms may ultimately
determine susceptibility to drug, carcinogen and toxicant exposure. The aim of
this article is to provide an overview of the AKRs and their role in toxicology
and the stress response.

Properties of the Aldo Keto Reductases

AKRs are predominantly monomeric NAD(P)(H) dependent
oxidoreductases. They convert carbonyl groups to alcohols so that the products
can often undergo conjugation and elimination. When this reaction occurs on
drugs AKRs can play an important role in functionalizing these agents for
clearance. Their monomer molecular weight = 34-37 kDa. There are currently
115 members in the superfamily that fall into 14 families (where less than 40%
sequence identity defines membership to a unique family). In addition to these
proteins, there are greater than 100 potential members based on genome
projects. A complete list of AKR members can be found at
www.med.upenn.edu/akr (/-3), Figure 1.

Based on their broad substrate specificity there is debate as to the identity of
the natural substrates for some AKRs. Endogenous substrates include but are not
limited to: sugar aldehydes, steroid hormones, prostaglandins and lipid derived
aldehydes. Exogenous substrates include tobacco-derived carcinogens (tobacco
specific nitrosamino-ketones (NNK), and PAH trans-dihydrodiols) and
metabolites of mycotoxins (aflatoxin dialdehyde).

Over 15 crystal structures of AKRs complexed with their ligands have been
determined. Each crystal structure adopts an (o/B)s-barrel structure and contain
two additional helices. In this motif there is an alternating arrangement of a-
helix and B-strand that repeats itself 8-times. The B-strands coalesce at the core
of the structure to form the staves of the barrel. At the base of the barrel there is
a highly conserved catalytic tetrad (Tyr 55, Asp 50, Lys 84, His 117, numbering
based on AKR1C9). The AKR website is linked to the protein database (PDB)
which allows complete rendering of the deposited 3-dimensional structures.
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Aldo-Keto Reductase Superfamily Members

« Mainly Monomeric NAD(P)(H) Dependent
Oxidoreductases
- convert carbonyl <— alcohol
-M.W. 34-37 kDa (monomers)
-115 members fall into 14 families

o Substrate Specificity

-sugar aldehydes
-steroid hormones
-prostaglandins & lipid aldehydes
-chemical carcinogens
NNK
PAH trans-dihydrodiols
Aflatoxin dialdehyde

(www.med.upenn.edu/akr)

o Conserved Catalytic Tetrad
Tyr 55, Asp 50, Lys 84, His 117

o (,B)g-Barrel Structure

Figure 1. Properties of Aldo-Keto Reductase superfamily members
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Each AKR catalyzes an ordered bi-bi kinetic mechanism in which cofactor
binds first and leaves last (9-/1). For several members of the superfamily it is
the rate of NADP" release that is often rate-limiting (/0,/1). Loop structures
(Loops A, B and C at the back of the barrel) define AKR substrate specificity. A
common catalytic mechanism exists in which there is 4-pro-R hydride transfer
from the pyridine nucleotide cofactor to the acceptor carbonyl facilitated by a
general acid/base (/2,13). The catalytic tyrosine functions as both the general
acid and base (12,13).

Superfamily Structure and Human Members

Cluster analysis shows that 14 AKR families exist where members of
individual families are less than 40% identical to members of other families. The
current dendrogram shows early divergence from ancestral proteins which
divides the superfamily into two groups: AKR1 — AKRS is one group while the
other group is AKR6-AKR14 (/4), Figure 2.

Less than 40% amino acid sequence identity assigns members to individual
families. While greater than 60% amino acid sequence identity assigns a protein
to a subfamily. The nomenclature system uses the AKR root to identify the
protein as an aldo-keto reductase; the first numeral assigns the protein to one of
the 14 families AKR1; the first letter after the numeral assigns the protein to a
unique subfamily AKR1A; and the last numeral assigns the unique protein
AKRI1AL]. The last numeral is assigned in chronological order of discovery. By
far the largest family is the AKR1 family which contains, aldehyde reductase
(AKR1A1l), aldose reductase (AKR1B1), hydroxysteroid dehydrogenases
(AKRIC subfamily), and the steroid 5B-reductases (AKR1D subfamily). The
AKR6 family contains the B-subunit of the voltage-dependent potassium
channel. These subunits do not have enzymatic activity but modulate opening of
the potassium channel in the presence of added cofactor. The AKR7 family
contains the aflatoxin aldehyde reductases. Crystal structures of the rat aflatoxin
aldehyde reductase show that it is a dimeric protein (/5). Both homo- and
heterodimers are possible where (AKR7A1: AKR7A4 (1:1)) would indicate a
heterodimer with the stoichiometry shown (/6). Evidence exists for dimer
formation in the AKR2, AKR6 and AKR7 families.

The human genome project (HUGO) has adopted the AKR nomenclature
system and currently thirteen human AKRs are known to be functionally
expressed, Table 1. Not surprisingly, many of the proteins belong to the AKR1
family and include the human homologs of aldose reductase, aldehyde
reductase, hydroxysteroid dehydrogenases, and steroid 5B-reductases. Other
members include the potassium channel subunits and the human homologs of
aflatoxin aldehyde reductase.

In Aldo-Keto Reductases and Toxicant Metabolism; Penning, T., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2003.



Downloaded by 89.163.34.136 on July 17, 2012 | http://pubs.acs.org
Publication Date: October 13, 2003 | doi: 10.1021/bk-2003-0865.ch001

9F4 10A1
9Bz | 9B} 12C
4 Y 120128 10A2
91
e 1AAMB o,
_ 8A1
703
" \
. 8A2
Families < 7A ‘
AKR6-14 : “
6 B =an
/ D
5E
4B1
278
4A3
y A2
Z 482
4B3
4c5
- 4ca
T g, 4c2
3A 4c1
3D -4C3
288 77/ / i
Families B0 7 s
28%q —+B4p5
AKRI-S 12 ‘ 188
283 L.:‘.:‘ 0
® b‘101518"
L e g ]
wef / o
25110%1 | ci1
161087 1C16 1013~ 1c8
\- o1 EN0aCH e tagisCo

Figure 2. Dendrogram of current AKR family members

In Aldo-Keto Reductases and Toxicant Metabolism; Penning, T., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2003.



Table I. Human AKR Members Identified by HUGO

Gene Protein Chromosomal
Localization

AKRIAl Aldehyde reductase 1p33-p32
AKRIBI] Aldose reductase 7935
AKRIBI0 Aldose reductase
AKRICI  200-HSD, dihydrodiol dehydroenase 1 (DD1)  10p15-10p14
AKRIC2 Type 3, 30-HSD (DD2) 10p15-10p14
AKRIC3  Type 2, 3a-HSD, Type 5 17p-HSD, (DDX) 10p15-10p14
AKRIC4 Type 1, 3a-HSD (DD4)
AKRIDI 5B-Reductase
AKR6A3  Potassium voltage gated channel, B-subunit-1 3q26.1
AKRG6A5  Potassium voltage gated channel, B-subunit-1 1p36.3
AKR6A9  Potassium voltage gated channel, B-subunit-1 17p13.1
AKR7A2 Aflatoxin aldehyde reductase 1p35.1—p36.23
AKR7A3 Aflatoxin aldehyde reductase

Publication Date: October 13, 2003 | doi: 10.1021/bk-2003-0865.ch001
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The emphasis in this overview is on those proteins that are involved in the
metabolism of endogenous and exogenous toxicants as a preview to other
articles. The focus will be on aldose and aldehyde reductase and their roles in
the metabolism of sugar and lipid derived aldehydes. In addition, the focus will
be on the role of AKRs in the metabolism of exogenous toxicants, including
tobacco derived carcinogens (nitrosamines and polycyclic aromatic
hydrocarbons) and hepatocarcinogens (aflatoxin). What emerges is that AKRs
are often upregulated in response to stressors in an attempt to protect the cell
from these various insults.

AKRs and Endogenous Toxicants: Detoxication of Aldehydes
in Diabetes

Traditionally, human aldose reductases (AKR1B1) was implicated in
diversion of glucose (sugar aldehyde) to sorbitol (polyol) pathway (4), Figure 3.
In the diabetic more glucose is shunted down the polyol pathway to form
sorbitol. Unfortunately, sorbitol is a hyperosmotic sugar and its accumulation
may be responsible for the complications arising from diabetes (e.g.
caratogenesis, retinopathy, neuropathy and nephropathy) (/7). As a result there
has been a push to develop aldose reductase inhibitors (e.g. tolrestat and
sorbinil) to prevent the complications arising from diabetes. However, glucose is
a relatively poor substrate for AKR1B1 suggesting that this enzyme may have
other functions (/8).

In Aldo-Keto Reductases and Toxicant Metabolism; Penning, T., et a.;
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Other reactive aldehydes are also elevated in diabetic patients and are key
intermediates in the formation of advanced glycation end products and may also
contribute to diabetic complications. These include glyoxal, methyl glyoxal, D-
glucosone and 4-hydroxy-2-nonenal. Many of these compounds are superior
substrates to glucose suggesting' a more important role for AKR1B1 is to
provide protection against other toxic reactive aldehydes. This topic is discussed
in the article by Dr. Vander Jagt, Figure 3.

AKRs and Endogenous Toxicants: Detoxication of Lipid
Aldehydes

Polyunsaturated fatty acids (PUFA’s) found in the plasma membrane (e.g.
linoleic acid and arachidonic acid) can undergo attack by reactive oxygen
species (ROS) to produce lipid hydroperoxides (e.g., 13-hydroperoxy-
octadecanoic acid (13-HPODE) and 15-hydroperoxyeicosatetraenoic acid (15-
HPETE) (19,20). Decomposition of these lipid hydroperoxides results in the
formation of o,B-unsaturated aldehydes (e.g. 4-hydroxy-2-nonenal (4-HNE))
which are reactive bifunctional electrophiles that can react with nucleophiles on
macromolecules e.g. protein and DNA.

In the case of 4-HNE, the aldehyde can form both a Schiff’s base with the €-
amino group of lysine and undergo 1,4-Michael addition with cysteines, hence it
is a bi-functional electrophile. The formation of 4-HNE immunoreactive adducts
have been observed in artherosclerotic plaques (2/), in degenerating neurons in
the substania nigra in Parkinson's disease (22) and in neurofibrillary tangles in
Alzheimer’s disease (23). AKRs that can reduce 4-HNE to the nontoxic 1,2-
dihydroxynonene would play an important role in the detoxication of this
reactive aldehyde, Figure 4.

Several AKRs have been implicated in this process including AKR1A1
(aldehyde reductase), AKR1B1 (aldose reductase) and AKRICI-AKRI1C3
(3,18). Of these AKRICI is inducible by ROS which would aid in the
elimination of 4-HNE (24). In addition, AKR1B1 has a high catalytic efficiency
for the glutathionyl conjugates of reactive aldehydes and is involved in the
metabolism of 4-HNE-GS conjugates in isolated perfused heart (25,26). Thus,
several AKRs play a role in the elimination of 4-HNE irrespective of GSH
status. Collectively, AKRs will contribute to the elimination of GS-conjugates of
4-HNE and provide a cytosolic barrier to 4-HNE when GSH levels have been
depleted. The preference of aldose reductase (AKR1B1) to reduce GS-
conjugates of 4-HNE is discussed in the article by Dr. Satish Srivastava. In the
same article, post-translational modification of a redox-sensitive Cys298 is
implicated in altering the catalytic activity of AKRIBI1 and its sensitivity to
aldose-reductase inhibitors. In a subsequent article by Dr. Sanjay Srivastava, it is
shown that AKR1B1 will play a significant role in the metabolism of 4-HNE in
human aortic endothelial cells and that it will detoxify oxidized phospholipids
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Figure 3. Role of Aldose Reductase (AKR1B1) in the detoxication of aldehydes
in diabetes where kcat/Km (M-! min-!) is shown in parenthesis
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PUFA's (e.g. linoleic acid and arachidonic acid)
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Figure 4. Role of human AKRs in the detoxication of lipid aldehydes

e.g. 1-palmitoyl-2-(5-oxovaleroyl) phosphatidy! choline. These data indicate that
AKRIB1 not only protects against lipid peroxidation but may have
atherosclerotic protective potential, as well.

AKRs and Exogenous Toxicants: Tobacco Related
Carcinogens

AKRs not only protect from exogenous toxicants (glucose, reactive lipid
aldehydes, etc.) but they also are involved in the metabolism of exogenous
toxicants. For example, two major carcinogens present in tobacco are nicotine
derived nitrosamines and the polycyclic aromatic hydrocarbons (PAH) (27).
AKRs are involved in the metabolism of both and may impact tobacco
carcinogenesis or human lung cancer.

AKRs and NNK Metabolism

NNK (a tobacco specific nitrosaminoketone) undergoes o-hydroxylation
catalyzed by CYP2A6/CYP3A4 to form reactive electrophiles (28), Figure S.
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Figure 5. Role of human AKRs in the metabolism of NNK

a-Methylene hydroxylation results in the formation of a methyl diazohydroxide
that decomposes to form a methyl carbonium ion to yield methylated DNA
adducts (28). Alternatively, a-methyl hydroxylation ultimately yields
pyridyloxobutyl DNA-adducts (28). Carbonyl reduction of NNK to yield the
corresponding  nitrosoalcohol  4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-
butanol (NNAL) represents the first step in detoxication. Although, NNAL can
be subjected to the same a-hydroxylation events, it is also a substrate for
glucuronidation, and the NNAL-glucuronide can then be excreted (6). Enzymes
involved in carbonyl reduction of NNK include 11B-HSD type 1 (a short chain
dehydrogenase/reductase), as well as AKRICI-AKR1C4. The relative
contributions of these enzymes to detoxication of NNK will be governed by the
balance of expression of these enzymes versus the expression of CYP isoforms
and the relevant UDPG-transferases (6). This topic is discussed in the article by
Drs. Maser and Breyer-Pfaff.

AKRs and PAH Metabolism/Activation

Tobacco smoke also contains a complex mixture of polycyclic aromatic
hydrocarbons (27). One of the most abundant complete carcinogens present is
benzo[a]pyrene (BP). Three pathways for the metabolic activation of PAH have
been proposed, Figure 6.
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Figure 6. Role of human AKRs in PAH activation

The first pathway involves the CYP peroxidase reaction; during peroxide
bond cleavage higher oxidation states of iron are generated which abstract a
hydrogen from the most electron rich carbon of BP to yield a radical cation at
C6. The radical cation is highly electrophilic and will form depurinating DNA
adducts an initiating event (29). In the second pathway, the sequential actions of
CYP1Al and epoxide hydrolase form a trans-dihydrodiol intermediate, (-)-BP-
7,8-diol (a proximate carcinogen). Subsequent monoxygenation yields a highly
reactive diol-epoxide, (+)-anti-BPDE (30,31). Based on its mutagenicity and
tumorigenicity (+)-anti-BPDE is an ultimate carcinogenic species (32,33). In the
third pathway of activation, AKRs divert PAH trans-dihydrodiols to yield
highly reactive and redox-active PAH o-quinones, e.g. BP-7,8-dione (34). Its
electrophilic and redox properties indicates that these metabolites may act as
initiators and promoters and may explain the complete carcinogenicity of PAH.
AKRs implicated in this pathway in human are aldehyde reductase AKR1Al,
and AKRIC1-AKRIC4 (35,36). Apart from AKRIC4 all enzymes are
expressed in lung tissue, but importantly AKR1C1 is induced by PAH and ROS
suggesting that the balance of expression may favor this isoform upon prolonged
PAH exposure (24). In this example, AKRs in an attempt to eliminate proximate
carcinogens form more reactive species. This pathway of metabolic activation is
described in the article by Dr. Penning and is followed by articles: on the
cloning and expression of murine dihydrodiol dehydrogenases (Dr. Deyashiki);
the synthesis of substrates and products of AKR mediated PAH metabolism (Dr.
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Harvey); the chemistry of PAH o-quinones (Dr. Gopishetty) and oxidative
lesions derived from the AKR pathway of PAH activation (Dr. Blair).

AKRs and Exogenous Toxicants: Mycotoxins

Aflatoxin B, is a mycotoxin and a potent rodent and human hepato-
carcinogen. Aflatoxin is metabolically activated by CYP3A4 to yield the 8,9-
epoxide, this electrophilic species can form DNA-adducts (initiation event)
GSH-adducts (elimination) or it can hydrolyze to yield a dihydrodiol (37 and
refs. therein), Figure 7.

Rearrangement of the aflatoxin By dihvdrodiol yields the highly reactive

aflatoxin B,-dialdehyde which is capable of forming lysine adducts with
proteins. Treatment of rats with the anti-oxidant chemopreventive agent
ethoxyquin led to the induction of rat liver aflatoxin aldehyde reductase
(AKR7A1) and the prevention of aflatoxin induced hepatocarcinogenesis (8).
Prevention of hepatocarcinogenesis is likely achieved by the induction of
glutathione-S-transferase and AKR7A1. AKR7A1 reduces aflatoxin B,
dialdehyde to a mixture of monoaldehydes which are converted to dialcohols
and thus lysine adduct formation is prevented. Subsequently, a non-inducible
isoform was discovered in rat AKR7A4 (38). AKR7A1 was found to be dimeric
and is capable of forming homodimers with itself or heterodimers with
AKR7A4 (16). In humans, the relevant homologs are AKR7A2 and AKR7A3
(39,40). The roles of rat and human AKR7A family members in the metabolism

of aflatoxin B,-dialdehyde are discussed in articles by Dr. John Hayes and the

kinetics and chemistry of lysine adduct formation with the dialdehyde are
discussed by Dr. Guengerich.

AKRs: Primordial Genes Regulated by Primordial Signals

AKRs are expressed in prokaryotes through to eukaryotes and show a high
conservation in amino acid sequence and three-dimensional topology. An
underlying theme is that the enzymes reduce carbonyls, often on toxic aldehydes
suggesting that they play important protective roles. This may also explain the
redundancy that exists in their overlapping substrate specificity. As part of this
protective response they may also inadvertently become engaged in the
metabolic activation of carcinogens, as is the case with polycyclic aromatic
hydrocarbons.
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Figure 7. Role of AKRs in the metabolism of aflatoxin

Because these enzymes assume a protective function it is not surprising that
they are up-regulated by stress signals e.g., osmotic shock, ROS and
electrophiles. For example, AKR1B1 produces hypertonic/hyperosmotic sugars
using glucose as a substrate. The AKR1B1 gene is upregulated by tonicity e.g.
NaCl where increased AKR1B1 activity would cause tissues to maintain
osmolarity by converting glucose to sorbitol (4/,42), Figure 8. The regulatory
element on the gene promoter is referred to as the Osmotic Response Element
(ORE) and the transcription factors that bind to the ORE are likely to be
regulated by a MAP Kinase module (43). Novel transcription factors implicated
indirectly in the ORE response may be NF-1 or TONEBP (44-46).

Other examples of stress induced AKRs include AKRI1B1 (aldose
reductase) and AKRICl. AKRIB1 is induced under myocardial
ischemia/reperfusion injury a condition that generates ROS and 4-HNE (47).
Both NO and PKC signaling pathways have been implicated in the up-regulation
of AKRI1B1 (47). PKC activation ultimately leads to increased AP-1 activity
(48,49). AKRIC1 implicated in the detoxication of NNK and the metabolic
activation of PAH is also up-regulated by reactive oxygen including hydrogen
peroxide (24), where the AKR1C1 promoter has a cassette of six AP-1 sites (Lin
and Penning unpublished observations).
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Figure 8. AKRs: primordial genes regulated by primordial signals

Several AKRs involved in carcinogen metabolism (AKR1C1 and AKR7Al)
are induced by monofunctional enzyme inducers (anti-oxidants, and
electrophiles) by a mechanism consistent witt gene regulation via a EpRE/ARE
(electrophilic response element/anti-oxidant response element) (8,24,50).
Although the functional identity of the EpRE/ARE on the AKRIC1 and
AKRT7A1 promoters remains to be demonstrated it is anticipated that these genes
will be regulated by heterodimers of Nrf2 and maf binding to an EpRE/ARE
(51), see Figure 8. Because AKRs exist in prokaryotes and eukaryotes and are
regulated by common stress signals, osmotic, electrophilic, and ROS it is
speculated that they are primordial genes regulated by primordial signals.

AKRys, the Stress Response and Cell Signaling

Does the regulation of AKRs by stress signals translate into cytoprotective
effects? In an in vivo myocardial ischemia/reperfusion model in rabbits, in
which there are brief periods of ischemia (ischemic preconditioning) there is
elevation of AKR1B1 expression (47). Inhibition of AKR1B1 with tolrestat or
sorbinil abrogated the infarct-sparing effects of the preconditioning, suggesting
that in vivo AKRIB1 has a cardioprotective function. AKR1B1 inhibition
resulted in the accumulation of 4-HNE suggesting that the cardioprotection is
achieved by the AKR1B1 dependent elimination of 4-HNE. This is one of the
first examples of how AKRs mediate the response to stress in vivo. This topic is
discussed in the article by Dr. Bhatnagar.
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The ability of AKRs to be regulated by stressors and eliminate stress signals
suggests that they may affect signal transduction cascades. In the article by
Dr.Romana, inhibition of aldose-reductase (AKR1B1) blocks growth factor
(TNFa) signaling pathways upstream from PKC, which in turn blocks the
activation of redox-sensitive transcription factors NF-kB and AP-1. In vivo,
these stimuli are key regulators of vascular smooth muscle cell proliferation and
apoptosis of vascular endothelial cells. Thus tolrestat and sorbinil attenuate
TNFa stimulated vascular smooth muscle cell proliferation.

Although evidence is mounting that AKRs are stress regulated genes,
eliminate stress signals and may affect stress-regulated signal transduction
pathways, it has been difficult to determine their physiological significance due
to the redundancy that exists in the substrate specificity of AKRs. Yeast
provides a powerful model in which to examine the functional significance of
AKRs in response to stress. Isogenic strains of yeast have been developed
containing multiple AKR gene deletions. A triple AKR null strain was found to
have enhanced sensitivity to heat shock. The utility of this approach in
delineating the roles of AKRs in responding to stress signals is discussed in the
article by Dr. Petrash.

The response of AKRs to stress signals may be a double-edged sword. For
example, elevation of AKRIB1 and AKR1C1 by ROS would help effectively
eliminate the cytotoxic aldehyde 4-HNE. However, in response to exogenous
toxicants the outcome may be different. For example, on exposure to PAH,
AKRIC1 makes reactive and redox-active PAH o-quinones. Both PAH o-
quinones and ROS induce AKRICI1. Thus, in response to PAH a positive
feedback loop is generated so that more AKRICI1 leads to an elevation of
electrophilic and ROS stress leading to cytotoxicity and mutagenicity.

Future Directions

AKRs catalyze the interconversion of carbonyl groups with alcohols on a
wide range of substrates. Broad overlapping substrate specificity exists for many
substrates. This built in redundancy serves the purpose of ensuring that there are
multiple enzymes available to deal with toxicant insult. More effort now needs
to be exerted in assigning specific reactions to AKR members and relating this
to their tissue specific distribution and whether the isoform is constititively
expressed or induced. Because of the widespread presence of carbonyl groups
on drugs and the fact that many drugs are metabolized to alcohols for
conjugation and elimination it is remarkable that little is known about the drug
substrates for each of the human AKRs. AKRs and GST’s are similar in that
induction of these enzymes by electrophiles may offer chemoprevention against
carcinogens (e.g., aflatoxin) but the same induction mechanisms may also
establish chemotherapeutic drug resistance. AKRIC1 was identified in
ethacrynic acid resistant colon carcinoma cells (52). Similarly, induction of
AKRI1AL1 (also danorubicin reductase) could account for resistance to this drug
(53).
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The focus of this overview has been to highlight properties of the AKRs as
they pertain to detoxication/toxication mechanisms. However, it should be
emphasized that discrete isofroms may be involved in regulating ligand access
to nuclear receptors. AKRs that have hydroxysteroid dehydrogenase activity can
either form or eliminate active steroid hormone in target tissues and therefore
may regulate the occupancy and trans-activation of steroid receptors (54). A
similar case could be made for AKRs that have prostaglandin reductase activity
since they may regulate ligand access to PPARYy receptors (55). This area needs
further attention.

The signal transduction cascades responsible for regulating AKR gene
expression in response to stress need to be thoroughly identified. In addition the
pharmcogenomics of human AKRs needs to be studied with particular emphasis
on single nucleotide polymorphisms. SNP’s that result in amino-acid sequence
changes can be mapped to the available crystal structures so that their effects on
AKR structure-function can be predicted. Such polymorphisms may be
responsible for individual susceptibility to drugs, toxicants and carcinogens and
response to stress.
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Chapter 2

Aldo-Keto Reductase-Catalyzed Detoxication

of Endogenous Aldehydes Associated
with Diabetic Complications

David L. Vander Jagt, Lucy A. Hunsaker, Brian S. Young,
and William M. Brown

Department of Biochemistry and Molecular Biology, University of New Mexico

School of Medicine, Albuquerque, NM 87131

Numerous reactive aldehydes elevated in diabetic patients are
key intermediates in the formation of Advanced Glycation
Endproducts and likely contribute to development of long-term
diabetic ~ complications. = These  aldehydes  include
formaldehyde, glyoxal, methylglyoxal, glucosone, 3-
deoxyglucosone, xylosone, 3-deoxyxylosone, and 4-
hydroxynonenal. All of these aldehydes are substrates of
human aldehyde and aldose reductases (AKR1A1, AKR1B1),
two members of the aldo-keto reductase superfamily. The
broad specificity of aldose and aldehyde reductases for these
endogenous aldehydes suggests that detoxication of reactive
aldehydes is one of their main functions. The structural
features that contribute to substrate recognition include the
presence of an oxidized carbon at the 2-position. Remaining
structural features can vary widely. Thus, aldose and aldehyde
reductases mainly appear to recognize a reactive aldehyde
functional group. This imparts to these reductases an
exceptionally broad protective function against the toxicity of
reactive aldehydes.
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A number of Advanced Glycation Endproducts (AGE) produced by
modification of proteins by glucose have been identified either from ir vitro or
in vivo studies. These are thought to contribute to the cross-linking that is
associated with the development of long-term diabetic complications. Although
it initially was assumed that AGE are formed primarily from glycation of
proteins by glucose, it is now clear that AGE can be formed from a variety of
compounds besides glucose, including fructose, trioses, ribose, and ascorbate,
and even from lipoxidation pathways (1-14). Therefore, it may be preferable to
define AGE as Advanced Glycation/Lipoxidation Endproducts. In addition,
reactive 2-oxoaldehydes appear to be key intermediates in the formation of many
of the AGE identified thus far (Figure 1). The recent success in developing
potential therapeutic agents that degrade AGE, points to the importance of AGE
in the etiology of diabetic complications (/5-18). The known AGE primarily are
the products of reactions involving the 2-oxoaldehydes glyoxal, methylglyoxal
and 3-deoxyglucosone.

The importance of methylglyoxal (MeG) deserves special attention: 1)
Antibodies against MeG-derived AGE cross-react with AGE produced by
modification of proteins with glucose, fructose, ribose, glyceraldehyde, glyoxal,
ascorbate and ascorbate oxidation products, suggesting that MeG may be a
common intermediate in AGE formation from a wide variety of glycating agents
(8); 2) MeG-derived AGE and glyoxal-derived AGE as well as 3-
deoxyglucosone-derived AGE are elevated in diabetes (6-8); 3) AGE derived
from MeG and other 2-oxoaldehydes catalyze the production of free radicals
(19); and 4) enzymes involved with metabolism of MeG are elevated in diabetes
(20). These recent observations support the suggestion that MeG and other 2-
oxoaldehydes play an essential role in the chemistry of AGE production.

Numerous studies support a role for aldose reductase (aldo-keto reductase,
AKRI1B1) in the development of diabetic complications in experimental models
(21-23). A role for AKR1BI in the development of diabetic complications in
man is less certain. All of the endogenous aldehydes that have been implicated in
AGE formation are substrates of AKR1BI1; this includes MeG, glucose,
glucosone, 3-deoxyglucosone, glyoxal, xylosone and 3-deoxyxylosone. The
lipid-derived aldehyde 4-hydroxynonenal is also an excellent substrate of aldose
reductase (24-31). This raises the question of the physiological roles of AKR1B1
and other aldo-keto reductases. In the present study, we compare the catalytic
properties of AKR1B1 and the related aldo-keto reductase AKR1A1 (aldehyde
reductase) with a range of reactive aldehydes and demonstrate that the broad
specificities of AKR1A1 and AKR1B1 are consistent with the suggestion that a
major function of these aldo-keto reductases is the detoxication of reactive
aldehydes. We also demonstrate that glutathione plays a role in the detoxication
of certain reactive aldehydes catalyzed by AKR1A1 and AKR1B1 and that there
appears to be a glutathione binding site at the active sites of both AKR1A1 and
AKRI1BI1.
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Figure 1: Structures of reactive aldehydes and AGEs implicated in the development
of diabetic complications. AGEs E - H are derived from methylglyoxal.
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Materials and Methods

Chemicals

MeG was prepared by hydrolysis of pyruvic aldehyde dimethylacetal with
sulfuric acid followed by azeotropic distillation with water. 3-Deoxyglucosone,
glucosone, 3-deoxyxylosone, xylosone, and 4-hydroxynonenal were synthesized
by literature procedures. All other aldehydes were from Sigma.

Purification of AKR1A1 and AKR1B1

AKRI1A1 and AKR1B1 were purified from human liver and skeletal
muscle, respectively, as described previously (24-26).

Enzyme Assay

AKRI1A1 and AKRIBI activity in the direction of aldehyde reduction was
routinely measured in 1 ml total volume of 0.1 M sodium phosphate buffer pH
7.0 with 10 mM glyceraldehyde and 0.1 mM NADPH. Enzyme activity was
determined by following changes in NADPH concentration at 340 nm, € = 6.2
mM™ cm’.

Enzyme Kinetic Studies

Initial velocity studies were conducted in the buffer described above at 25
°C. Michaelis constants for substrates and cofactors and k. values were
determined by nonlinear regression analysis of the initial rate data using the
ENZFITTER program (Elsevier-Biosoft).

Flexible Docking

Flexible docking of glutathione to AKR1A1 and AKR1B1 was performed
using the AutoDock 3.0 software suite from Scripps Research Institute (32). The
crystal structure of human AKRIB1 (PDB accessionlADS) was modified to
accommodate the docking (33). The coordinates of polar hydrogens were added
as predicted by Sybyl 6.6 using torsional minimization. Partial charges were
assigned from united Kollman dictionary charges and all substrate and ordered
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water atoms were removed. Inhibitor structure was predicted from GA
conformational search followed by BFGS minimization in Sybyl. Inhibitor
partial charges were assigned according to the Gasteiger-Huckel method. For
human AKR1Al, the coordinates (PDB accessionlCWN) of porcine aldehyde
reductase (34) were used to construct a homology model of AKR1A1.

Results and Discussion

Substrate Properties of AKR1A1 and AKR1B1 with Aldehydes Implicated
in the Development of Diabetic Complications

The catalytic efficiencies k../K, of AKR1A1 and AKR1B1 with the reactive
aldehydes shown in Figure 1 are summarized in Table 1. The k./K,, values are
5-100 fold greater for AKR1B1 than for AKR1A1, with the highest difference
observed with MeG, which appears to be the preferred substrate of AKR1BI.
There is a marked increase in k./K,, for any of the substrates compared to
formaldehyde, raising the question of the role of the groups attached to the
reactive aldehyde functional group. To address this question, the catalytic
efficiencies of AKR1A1 and AKR1B1 were compared using a series of 2-carbon
and 3-carbon aldehydes, summarized in Table II. For both the 2-carbon and 3-
carbon series, k.,/K;, values increase markedly if the 2-position of

Table I. AKR1A1 and AKR1B1 - Catalyzed Reduction

of Reactive Aldehydes

Substrate ket / Ky (M " min! )

AKRIAI AKRIBI1
formaldehyde 2.1x10' 22x10°
glyoxal 1.6x10* 3.0x 10°
methylglyoxal 1.8x10° 1.8x 10’
xylosone 1.1x10° 53x10°
3-deoxyxylosone 54x10° 2.1x10°
glucosone 8.5x 10* 55x10°
3-deoxyglucosone 58x10° 2.6x 10°
4-hydroxynonenal - 46x10°

Adapted in part from data in References 26, 28, 30.
? Low solubility precluded determination of kinetic parameters.
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the aldehyde is an oxidized carbon. Thus, glycoaldehyde, glyoxal and glyoxylate are
much better substrates than acetaldehyde, and acrolein, glyceraldehyde and MeG are
much better substrates than propionaldehyde. This difference is even greater than
suggested by the k.,/K., values when one considers that the aldehyde functional groups of
these aldehydes are highly hydrated compared to acetaldehyde and propionaldehyde,
leaving the concentration of free aldehyde that i~ the actual substrate of AKR1Al and
AKRIBI very low. For example, MeG is 99.8% hydrated in solution (35). If corrected
for this factor, the catalytic efficiency of AKR1B1 with MeG as substrate would approach

a difussion limited value.
2
% Table Il. AKR1A1 and AKR1B1 - Catalyzed Reduction
3o of 2-Carbon and 3-Carbon Aldehydes
2g
By kegy/ Ky (M min”!
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58 00
RS o
[ 4 5
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z % i 5 4
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€5 ]
= CH;—CH,-CH 2.2x 102 6.5 x 10*
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28 CH,=CH—CH 2.0x 10 L1x10
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OO0
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The results in Tables I and II support the conclusion that AKR1A1 and
AKRI1B1 show broad specificities for reactive aldehydes that are highly hydrated
and that these aldo-keto reductases appear to be designed to recognize the
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aldehyde functional group with limited sensitivities to the rest of the substrate, as
long as the 2-position is an oxidized carbon. This preference for aldehydes with
oxidized carbons at the 2-position can be ascribed in part to the H-bonding roles
of residues H112 and H110 in AKR1A1 and AKR1BI, respectively, in dictating
substrate specificity (36).

Substrate Specificity of Reduced and Oxidized AKR1B1

AKRI1BI, unlike AKR1A1, has an active site cysteine residue (C298) that is
sensitive to redox conditions. Simply dialyzing AKRIB1 in the absence of
cofactor will produce an oxidized form that can be converted back into the
reduced form by treatment with DTT (24,24). The substrate properties of
oxidized AKR1B1 differ markedly from those of reduced AKR1B1, as shown in
Table III. Additional forms of AKRIB1 involving nitrosation or gluta-
thionylation of C298 can be formed, each with unique kinetic properties (37,38).
In general, any modification of AKR1B1 will decrease k.,/K,, values for any of
the substrates. The physiological significance of the redox-sensing activity of
AKRI1B1 is not known. By comparison, AKR1A1 does not exhibit these
properties, suggesting that AKR1A1 may be the more important of these
reductases for detoxication of reactive aldehydes under conditions of oxidative
stress that may compromise the activity of AKR1B1.

Table II1. Substrate Properties of Reduced and Oxidized AKR1B1

Substrate koo / K (M min™)

AKRI1BI (reduced) AKRI1BI (oxidized)
glucose 9.1 x 10 -2
glyceraldehyde 7.5x 10° 1.9x10°
methylglyoxal 1.8x 107 6.6x10*

® Glucose is essentially not a substrate of oxidized AKR1B1.
Adapted in part from data in Reference 27.

Role of Glutathione in AKR1A1 and AKR1B1-Catalyzed Reactions

Glutathione reacts non-enzymatically with MeG to form the hemithioacetal.
Thus intracellular MeG is an equilibrium mixture of free and hydrated MeG
along with the glutathione-MeG hemithioacetal (Figure 2). AKR1BI is able to
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catalyze the reduction of the aldehyde functional group of MeG to produce
acetol as well as the ketone of the hemithioacetal to produce the hemithioacetal
of lactaldehyde, which can then form lactaldehyde (39). Thus, with MeG as
substratt  AKR1B1 is both an aldehyde and a ketone reductase. Both
lactaldehyde and acetol can be reduced further to propananediol, catalyzed by
AKRI1BI1, again demonstrating the ability of AKR1B1 to function as a ketone
reductase.

Q oH GSH 29 H20 Q OH
CH3—C-¢—SG === CH;~C-C-H CH;—C-C—H
H OH
Axmml NADPH NADPH 1AKR1B1
OH 0 H
[ ]
CHy—C—C—H CH3—C—C—OH
H H
Lactaldehyde Acetol

NADPH

CHs—CH—CH,—OH
OH

Propanediol

Figure 2. Role of glutathione in the AKR1B-catalyzed reduction
of methylglyoxal (adapted from Reference 38).

The known ability (37) of AKR1B1 to catalyze the reduction of the Michael
adducts of glutathione and a,B—unsaturated aldehydes is in agreement with the
suggestion of a glutathione binding site at the active site of AKR1B1. The
presence of a glutathione binding site near the active site of both AKR1A1 and
AKRIB! is supported by molecular modeling (Figure 3).
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Figure 3. Molecular modeling identified GSH binding sites in
AKRIAI (top) and AKR1BI1 (bottom).
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AKR1A1 and AKR1B1-Catalyzed Reduction of Hydrophobic Aldehydes

The reduction of aldehydes catalyzed by AKR1A1 and AKR1BI is not
limited to small reactive aldehydes. Hydrophobic aldehydes, including aldehydes
that do not possess an oxidized 2-carbon, can also be reduced efficiently (Table
IV). In this case, the large substrate binding pocket of AKR1A1 and AKR1B1
provides the binding energy for substrate recognition (28,30).

Table IV. AKR1A1 and AKR1B1 --
Catalyzed Reduction of Hydrophobic Aldehydes

Kot/ Ky M min”)

Substrate AKRIAl AKRIBI
(0]
u 37x10°  1.0x10®
0
] 6 8
@CH 21x10 1.1x10
FiC
(0]
I 7 7
@,CH 1.3x 10 53x10
O,N

Adapted in part from data in Reference 28.

Summary

In summary, AKR1A1 and AKRIBI1 exhibit broad specificities for
reduction of aldehydes and in some cases ketones, derived from a versatile active
site (Figure 4) that can accommodate reactive aldehydes with oxidized carbons
at the 2-position, hydrophobic substrates, and selected glutathione adducts of
aldehydes. This is consistent with the suggestion that a major function of
AKRI1A1 and AKR1B1 is detoxication of aldehydes.
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Aldehyde Detoxication Functions of AKR1A1 and AKR1B1

cofactor

r

AKR [S1f+— guutathione

aldehyde site hydrophobic site

1) Asite - small reactive aldehydes are substrates
2) N site — NADPH is the preferred cofactor

3) G site — glutathione adducts can be substrates
4) H site — hydrophobic aldehydes are substrates

Figure 4: Summary of the active site regions of AKRIAI and AKRIB]
that provide broad ability to catalyze the reduction of aldehydes.
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Chapter 3

Aldose Reductase Detoxifies Lipid Aldehydes
and Their Glutathione Conjugates

Satish K. Srivastava', Kota V. Ramana’, Sanjay Srivastava’,
and Aruni Bhatnagar®

'Department of Human Biological Chemistry and Genetics, University of Texas

Medical Branch, Galveston, TX 77555
*Division of Cardiology, Department of Medicine, University of Louisville,
Louisville, KY 40202

Aldose reductase (AKR1B1, (AR)) is an NADPH dependent aldo-keto
reductase (AKR) implicated in the pathogenesis of multiple secondary
complications of diabetes. Treatment with AR inhibitors has been
shown to prevent secondary complications of diabetes, however, the
clinical efficiency of these drugs is limited due to generation of
inhibitor-resistant forms of the enzyme in diabetic tissues. Our studies
suggest that the development of inhibitor resistance is due to the
induction of post-translational modifications of the enzyme mediated in
part by concurrent changes in cellular glutathione and nitric oxide
bioavailability. In addition, inhibition of the enzyme during diabetes
could prevent the physiological functions of AR. Although reduction of
glucose is believed to be the main physiological role of this enzyme, in
vitro AR is a poor catalyst for glucose reduction and the hydrophobic
active site of the enzyme is incompatible with hydrophilic substrates
such as glucose. In contrast, AR is much more efficient in reducing
hydrophobic short to medium chain aldehydes particularly o,f-
unsaturated alkenals derived from lipid peroxidation such as 4-hydroxy
trans 2-nonenal (HNE). The K, of AR for HNE and related aldehydes
is 10-30 pM, where as K, giycose is 50-100 mM, suggesting that lipid-
derived aldehydes may be the preferred substrates of the enzyme.
Additionally, AR also reduces in vivo glutathiolated aldehydes with
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higher efficiency than their parent free aldehydes. Our kinetic, site-
directed mutagenesis, and molecular modeling studies indicate that the
AR active site is compatible with selective binding to glutathione in a
specific orientation. Efficient reduction of hydrophobic aldehydes and
their glutathione conjugates by AR suggests that the enzyme may be
part of a detoxification mechanism for removing endogenous and
xenobiotic aldehydes. A critical role of AR in preventing the toxicity of
lipid peroxidation products is suggested by our recent observations that
inhibition of this enzyme prevents smocth muscle cell mitogenesis and
cytokine signaling-process associated with increased generation of
reactive oxygen species and the induction of lipid peroxidation. Thus,
post-translational changes in AR and its antioxidant role need to be
considered in designing anti-AR interventions for treating diabetic
complications.

Aldose reductase was initially purified as a glucose reducing protein from
seminal vesicles (/-3). The enzyme was postulated to be part of the polyol
pathway for synthesizing fructose from glucose. This pathway involves the
reduction of glucose to sorbitol, followed by the oxidation of sorbitol to fructose
catalyzed by sorbitol dehydrogenase (1,2). The first step of the pathway, which
involves the reduction of glucose to sorbitol, was shown to be catalyzed by AR.
This step is rate-limiting for the entire pathway and is unique in that it utilizes
non-phosphorylated glucose; unlike other pathways of glucose metabolism (i.e.,
glycolysis and the pentose phosphate pathway) which utilize phosphorylated
glucose. Due to the high affinity of hexokinase, glucose is mostly converted to
glucose-6-phosphate and AR-dependent reduction represents only a fraction
(>3%) of the total glucose utilization (3-5). However, during hyperglycemia and
diabetes, when the cellular availability of glucose is increased, flux through the
polyol pathway also increases dramatically (3). Although it could be viewed as a
protective mechanism for removing excessive glucose from hyperglycemic
tissues, continued glucose metabolism by the polylol pathway could incite tissue
injury and dysfunction (3,6). Reduction of glucose by AR generates sorbitol,
which if not effectively converted to fructose, could accumulate in tissues.
Because membranes are mostly impermeable to sorbitol, sorbitol accumulation
could impose osmotic stress, resulting in the ionic imbalance and the loss of
glutathione (7,8). Additionally, the oxidation of NADPH during sorbitol
synthesis could diminish the availability of reducing equivalents for antioxidant
processes such as glutathione reductase, thereby contributing to generalized
oxidative stress and a diminished capacity to reduce reactive oxygen species (9).
Increased activity of the polyol pathway during hyperglycemia could also
contribute to hyperglycemic injury by synthesizing fructose, which is the
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precursor of potent glycosylating agents. Thus, increased fructose formation and
the elevated synthesis of glycosylating species could add to the generation of
advanced glycosylating end products (AGE) and consequently to the
biochemical abnormalities associated with AGE formation (3). In this scenario,
inhibition of AR would interrupt the vicious cycle of osmotic overload, NADPH
depletion, AGE formation, and oxidative stress. Indeed, the contribution of AR
to the etiology of hyperglycemic injury and the development of secondary
diabetic complications was realized within 10 years of discovery of the enzyme
and a number of inhibitors were synthesized to inhibit AR and to prevent tissue
injury and dysfunction associated with several diabetic complications (6,10,11).

Extensive experimental data suggest that inhibition of AR could prevent,
delay or in some cases even reverse tissue injury associated with the
development of diabetic complications (70,//). Salutary and beneficial effects
of these drugs against nephropathy, neuropathy, and cataractogenesis have been
reported, particularly in the rat model of streptozotocin-induced diabetes (3).
Nonetheless, clinical trials of AR inhibitors have been inconclusive, and the
results of these studies do not constitute a firm demonstration of the efficacy of
AR inhibitors in uniformly preventing human diabetic complications (/0-12).
Reasons for the disappointing clinical results with AR inhibitors have been
debated in the literature for several years, however no clear consensus has
emerged. Several of the earlier trials with sorbinil were marred by
hypersensitivity reactions in an unacceptably high proportion of the tested
population. In later trials, issues relating to the non-selectivity of the drugs, their
inappropriate dosing and pharmacokinetics and high general toxicity of these
compounds were raised but not resolved. As a result, the utility of AR inhibitors
and the validity of anti-AR interventions in preventing and treating secondary
diabetic complications remain unsubstantiated. Our kinetic and structural studies
suggest additional reasons for the inconclusive results of clinical trials with AR
inhibitors. On one hand these data show that the enzyme is somehow modified
during diabetes and therefore is less susceptible to inhibition and on the other
that AR plays a critical antioxidant role, and if inhibited could, in some
circumstances, lead to worsening hyperglycemic injury.

Diabetic Changes in AR

Changes in the susceptibility of AR to inhibition were apparent from earlier
studies showing that the enzyme from diabetic tissues displayed remarkably
different kinetic properties than the protein isolated from non-diabetic tissues
(13-15). Significantly, the diabetic enzyme was less sensitive to inhibition by
sorbinil than the euglycemic form of the enzyme. Although structural reasons
for the changes in the AR protein were not identified, these data clearly point to
a post-translational change in the enzyme, and are consistent with evidence
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derived from cell culture studies showing that sorbitol formation in endothelial
cells cultured with high glucose becomes progressively resistant to sorbinil (16).
To identify mechanisms and determinants of inhibitor binding to AR, extensive
kinetic studies were performed with a series of AR inhibitors. These studies
revealed that most of the AR inhibitors bind to the active site of the protein and
not to a previously postulated inhibitor-binding domain independent of the
substrate-binding site (17,18). More significantly, perhaps these data
demonstrated a critical role of protein thiols in inhibitor and substrate binding to
the enzyme. It was found that whereas the reduced enzyme displayed high
affinity for inhibitors such as sorbinil and alrestatin, oxidation of the enzyme,
either inadvertently due to prolonged storage (/9) or deliberately by thiol-
reactive reagents (20) caused a dramatic decrease in the affinity of the enzyme
for some, but not all, inhibitors. These changes in the affinity of the enzyme for
sorbinil and related inhibitors were reversible upon reduction of the protein
thiols (/9), which restored the loss of sensitivity caused by storage and oxidation
or both.

The role of thiol oxidation in regulating the inhibitor sensitivity of the
enzyme was substantiated by the observations that the enzyme purified in the
presence of its cofactor NADPH, which binds to the active site of the protein,
and prevents solvent access to the active site, preserved inhibitor sensitivity of
the enzyme (2/). Because kinetic studies showed inhibitor binding overlapped
with substrate binding at the active site, it became clear that the thiol(s)
regulating the inhibitor-sensitivity of the enzyme must be located at the active
site of the enzyme. By selective carboxymethylation with radioactive
iodoacetate, Cys-298 was identified to be the main residue regulating the redox
changes in the kinetic properties of AR and its substrate and inhibitor binding
(21,22). This role of Cys-298 was confirmed by site-directed mutagenesis
studies showing that replacement of this residue by serine generated an enzyme,
which displayed low affinity for substrates and inhibitors (23), and was
remarkably similar, at least in its kinetic behavior, to the enzyme purified from
diabetic tissues. Whether oxidation of Cys-298 is the key post-translational
modification of AR in diabetic tissues remains to be established. However,
recent evidence suggests that this residue may be a unique target of the
pluripotent regulatory molecule nitric oxide (NO) and that changes in NO during
diabetes may be a significant factor in regulating the inhibitor-sensitivity of AR
in diabetic tissues (24).

Due to its high reactivity, Cys-298 of AR is highly sensitive to a variety of
oxidants including NO and nitrosothiols. Exposure of the enzyme in vitro to
NO-donors leads to inactivation (25), and in case of nitrosothiols, to the
formation of a mixed disulfide between the protein and the NO-bearing thiol
(26). That NO or nitrosothiol-mediated modification may be relevant to the in
vivo situation is supported by the observations that exposure to an NO-donor
inhibits sorbitol accumulation in erythrocytes from normal and diabetic rats
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Figure 1. Nitric oxide donors prevent sorbitol formation in diabetic and non-
diabetic rat erythrocytes. S-Nitroso-N-acetylpenicillamine (SNAP), S-
nitrosoglutathione mono-ethyl-ester (GSNO-Ester), 3-morpholinosydnonimine
(SIN-1).

(Figure 1), indicating that increased availability of NO inhibits AR and the flux
of glucose through the polyol pathway (27). Furthermore, exposure to

NO donors or nitroglycerine patch prevents the accumulation of sorbitol in
several tissues of diabetic rats and inhibition of nitric oxide synthesis activates
AR and promotes sorbitol accumulation (data not shown). Taken together, these
data suggest that the increase in the polyol pathway activity during diabetes is
not a linear function of glucose availability, but is critically regulated by NO.
Under euglycemic conditions, associated with high NO generation, the enzyme
is repressed and inhibited, whereas during hyperglycemia, due to a decrease in
NO bioavailability, AR is de-repressed and is activated such that it generates
more sorbitol and contributes to the development of diabetic complications.

In contrast to its regulation of AR activity, the regulation of the AR
inhibitor sensitivity by NO is more complex. In vitro studies show that,
depending upon the nature of the NO donor, NO could either inhibit or activate
AR (28). When incubated with AR, S-nitrosoglutathione (GSNO) causes rapid
inhibition of the enzyme (26). Most of the activity is lost within 30 min and the
inactivation reaches a steady-state. However, even at steady-state more than
20% of the enzyme activity remains uninhibited, and becomes resistant to
inhibition by sorbinil. Structural analyses using electrospray mass spectrometry
and site-directed mutagenesis revealed that inhibition of AR by GSNO is due to
the formation of a single mixed disulfide between glutathione and Cys-298.
Because Cys-298 is at the active site, binding of the bulky glutathione molecule
at this site blocks substrate access and prevents catalysis (26). A dramatically
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different modification is observed when AR is treated with reagents that cause
protein S-nitrosylation. When incubated with NO donors such as SNAP and
NONOate the maximal AR activity is increased several fold (28). This change
appears also to be due to the modification of Cys-298, but in this case it is linked
to the formation of an S-nitrosothiol rather than a mixed disulfide (24). Because
S-nitrosylation introduces only a small molecule (NO) at the active site cysteine,
the enzyme remains active and substrate access is not prevented. Indeed, the
maximal activity of the S-nitrosylated enzyme is higher than that of the
unmodified enzyme; a consequence perhaps of an increase in the rate of NADP
dissociation, which is the rate-limiting step in the AR catalytic cycle and is
increased by the oxidation of Cys-298. Significantly, the S-nitrosylated AR is
insensitive to inhibitors such as sorbinil.

The view that emerges from these data is that modification of AR by NO-
donors is complex and could lead to either activation or inhibition depending
upon the nature of the modification induced in the protein. Although the in vivo
modifications in AR protein induced by NO have not been identified, the i vitro
data support the following speculative scheme of sequencial events during
euglycemic and hyperglycemic conditions (Figure 2).

Gsuh AR-Cys298Y
\ \
Euglycemia NoA > GsNo B> AR-sSGA(Partially inactive)

Hyperglycemia NOy—> GSNOy—=> AR—SSGV
A I\

—A GSHy AR-Cst98A(Active)
LHlEh Low ¢y l

Figure 2. Regulation of AR activity by NO under euglycemic and hyperglycemic
conditions.

Under euglycemic conditions, with high NO availability and high
concentrations of reduced glutathione, the AR activity is partially inhibited due
to NO-induced modification. In this case NO does not directly modify AR, but
generates GSNO, which, in turn, forms a mixed disulfide with AR. That AR
remains partially inhibited in euglycemic tissues by an NO-dependent
mechanism is supported by our observation that inhibiting NO synthesis in
normal rodents results in increased sorbitol accumulation (24). However, most
of the enzyme is free and displays kinetic properties similar to the enzyme
completely reduced in vitro, and it remains highly sensitive to inhibition by
sorbinil or tolrestat. The constitutive repression of AR could represent a
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mechanism of keeping the polyol nathway in check when glucose availability is
limited.

During diabetes, however, NO bioavailability is decreased (29). Even if NO
synthesis per se is not affected by diabetes, increased oxidative stress,
particularly the increased formation of superoxide anions removes active NO by
forming peroxynitrile, and glutathione is depleted (30). These conditions (lack
of glutathione and NO) derepress AR such that it becomes active. This scheme
of events is supported by our observation that even at the same glucose
concentration diabetic tissues synthesize more sorbitol than non-diabetic tissues
(data not shown). This synthesis of sorbitol could be partially inhibited by
feeding the NO precursor L-arginine, suggesting that activation of the polyol
pathway during diabetes is due to de-repression of AR. Nonetheless, due to
glutathione depletion and the formation of potent nitrosating species during
diabetes, AR is modified by nitrosating species other than GSNO, leading to the
generation of S-nitrosylated protein, which has a higher catalytic rate and is
relatively insensitive to inhibitors such as sorbinil.

In its entirety, the postulated series of events suggest that diabetes
diminishes the inhibitor sensitivity of AR, and that these changes are mediated
by concurrent changes in glutathione and NO. Thus, clinical treatment of long-
term diabetics with AR inhibitors may not translate into dramatic protection
seen in short-term animal studies. Hence, diabetic changes in AR protein need to
be considered when re-designing anti-AR interventions. Moreover, the data
obtained from our studies on NO-modification of AR suggest that in addition to
its other multifarious roles in neurotransmission, blood pressure regulation, or
platelet aggregation, NO is an important regulator of the polyol pathway of
glucose metabolism.

AR and Antioxidant Protection

An additional reason for the marginal efficacy of AR inhibitors in
preventing the clinical symptoms of secondary diabetic complications may be
that inhibition of the enzyme increases oxidative stress by preventing the
detoxification of aldehydes derived from lipid peroxidation. That AR is involved
in antioxidant defense was suggested by the initial observations that the lipid
peroxidation product — 4-hydroxynonenal (HNE) and its glutathione conjugate
are particularly good substrates of the enzyme in vitro (31,32). It was found that
in contrast to glucose, AR catalyzes the reduction of HNE and GS-HNE with a
1000-fold higher catalytic efficiency. Aldehydes such as HNE are generated at
high concentrations by lipid peroxidation reactions. Because of
o,B-unsaturation, these aldehydes are highly toxic and cause glutathione
depletion, inhibition of respiration, changes in membrane excitability, formation
of protein and DNA adducts and dysregulation of ion homeostasis (33). Thus,
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reduction of these aldehydes by AR to inert alcohols could be an important
mechanism for protecting against the toxicity of lipid peroxidation (34-36).

Structural and kinetic studies show that the high hydrophobicity of the AR
active site is compatible with the binding of short and medium chain aldehydes,
such as those derived from lipid peroxidation. In contrast, the lack of ionic
residues at the AR active site offers little opportunity for efficient binding of
hydrophilic molecules such as glucose. The AR active site is lined by highly
hydrophobic amino acid residues such as Trp20, Val47, Trplll, Phel2l,
Phe122, Pro218, Trp219, Leu300 and Leu301, and it binds efficiently to apolar
aldehydes, particularly the C4 to C10 a,B-unsaturated aldehydes. Results shown
in Figure 3 demonstrate that AR efficiently catalyzes the reduction of saturated
and unsaturated aldehydes. As compared to short chain alkanals such as
propanal, the long-chain aldehydes are redu..ed more efficiently. The presence
of an additional methylene group in butanal, increases catalytic efficiency as
compared to the propanal. Similarly, the presence of additional methylene
groups in pentanal and hexanal, increases the catalytic efficiency of AR.
However, the presence of additional methylene groups from heptanal to decenal
gradually decreased the catalytic efficiency, whereas, these were better
substrates than C3 and C4 saturated aldehydes. As with saturated aldehydes, the
C4 to C10 unsaturated aldehydes are also reduced by the enzyme with
increasing efficiency.

Decanal
Nonanal
Octanal
Heptanal
Hexanal 3657
Pentanal

Propanal

T T T

0 1000 2000 3000 4000

kcat/Km

Figure 3. Catalytic efficiency (ke/Kn; min’'/mM") of AR for the reduction of
saturated aldehydes.

In most cells, unsaturated aldehydes are metabolized by multiple metabolic
pathways of which glutathione-S-transferase (GST)-catalyzed conjugation
appears to be a central detoxification event. In addition to conjugation, these
aldehydes could be either oxidized to their corresponding acids or reduced to
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alcohols. To examine the contribution of these pathways, we have studied the
metabolism of HNE in several cardiovascular tissues including the heart, the
endothelial and smooth muscle cells, and erythrocytes (37-39). These studies
reveal that although glutathiolation is a major metabolic fate of HNE, the
conjugate of HNE is further reduced to the corresponding alcohol i.e.,
glutathionyl-1,4-dihydroxynonene (GS-DHN). Treatment with sorbinil or
tolrestat prevents this reduction, indicating that at least in the cardiovascular
tissues, glutathione conjugates are reduced by AR. The efficacy of AR in
catalyzing the reduction of GS-HNE is substantiated by in vitro studies showing
that the enzyme is particularly efficient in reducing glutathiolated aldehydes
(35,30).

The greater efficiency of AR towards glutathiolated aldehydes suggests
selective interaction of active site amino acid residues with the glutathione
backbone of the conjugates. Our molecular modeling studies suggest that
glutathiolated aldehydes such as GS-propanal could potentially bind to the AR
active site in two distinct orientations (35,36). In orientation 1, the N-terminal
glutamate forms one prong of the Y-shaped molecule parallel to the bound
aldehyde. In this orientation, the carboxylate of y-Glu forms H-bonds with
Trp20-N, Lys21-N and its amino group H-bonds with Val47-O, whereas the
carboxyl of the C-terminal glycine forms H-bonds with Leu-301-N, and Ser-
302-N. In orientation 2, which is a 180° flip of the molecule along the aldehyde
axis, Gly-3 is parallel to the aldehyde. In this orientation the carboxylate of the
Glu-1 is H-bonded to Leu-301-N and Ser-302-N. Site-directed mutagenesis
studies and structure-activity relationships suggest that the orientation 1 is the
preferred mode of binding since replacement of Trp20 with phenylalanine
disrupted the interaction of the protein with the y-Glu of glutathione. This was
also supported by energy-minimized models, which demonstrate that binding in
orientation 1 is energetically favorable. Collectively, these studies demonstrate
that the o/B-barrel structure of AR provides efficient scaffolding for glutathione
binding comparable to that observed with other glutathione-dependent enzymes.
Moreover, efficient binding and reduction of glutathione conjugates by AR
supports the notion that reduction of glutathione conjugates is a significant
feature of the physiological functions of this enzyme (Figure 4), and that
inhibition of AR during diabetes could interfere with the detoxification of
endogenous and xenobiotic aldehydes.

Role of AR in Cell Growth and Survival

In addition to metabolism and detoxification of toxic aldehydes and their
glutathione conjugates, recent evidence suggests that AR may also be involved
in regulating mitogenic signaling and cell growth (40). Moreover, given the
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extensive evidence documenting the role of reactive oxygen signaling in cell
growth, the mitogenic and the antioxidant roles of AR may be linked.

NADPH NADP

HNE

GS-HNE
Acrolein

DHN (Km ~ 15 pM)
GS-DHN (Km ~ 15 uM)
Propanol (Km ~800 pM)
GS-propanol (Km ~ 7 uM)
Nonanol (Km ~ 22 pM)
GS-Nonanal (Km ~ 5 puM)

GS-propanal
Nonanal

GS-Nonanal

Figure 4. Relative K,, values for the reduction of free aldehyde and their
glutathione conjugates by AR.

The role of AR in regulating cell growth was initially indicated by our
studies showing that stimulation with growth factors and mitogens leads to an
increase in the expression of AR (4/) suggesting that upregulation of AR may
be part of the delayed-early mitogenic responses. Our studies show that
treatment with AR inhibitors prevents smocth muscle cell (SMC) growth in
culture and that treatment with AR inhibitors decreases intimal hyperplasia in
restenotic vessels (4/). These observations suggest that AR is an obligatory
mediator of cell growth. Our recent observations, demonstrating that inhibition
of AR also prevents TNF-a-induced VSMC growth (see Ramana et al., in this
book) further extends and substantiates the mitogenic role of AR. Although the
mechanisms by which inhibition of AR prevents cell growth remain to be fully
elucidated, the observation that inhibition of AR abrogates PKC/IxB-o/NF-kB
signaling pathway (40) suggests that the catalytic activity of AR is essential for
the uninterrupted progress of a central pathway regulating cell growth and
survival.
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Oxidation of phospholipids generates products in which
unsaturated fatty acids at the sn-2 position are oxidized to
short chain aldehydes or epoxides. Such phospholipids
containing phosphatidylcholine display biological activity
similar to platelet activating factor (PAF) and stimulate
monocyte adhesion to endothelial cells. These lipids can also
serve as recognition sites for scavenger receptors. However,
the mechanisms by which cells metabolize and detoxify
oxidized phospholipids are not known. We therefore examined
the possibility that oxidized phospholipids are removed by
metabolism via aldose reductase (AR). In vitro human
recombinant AR was found to be an excellent catalyst for the
reduction of 1-palmitoyl-2-(5-oxovaleroyl)-phosphatidyl
choline (POVPC) and related short to medium chain
aldehydes that are likely to be derived from POVPC by
phospholipase A,-mediated metabolism. These observations
suggest that metabolism via AR could be a potential
mechanism for the detoxification of oxidized phospholipids
generated during pathological oxidative stress.
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Oxidative stress has been implicated in the etiology of several
cardiovascular diseases including atherosclerosis, ischemia-reperfusion, and
heart failure. Extensive investigations have shown that the pivotal step in the
development of atherosclerosis is the oxidation of low-density lipoproteins
(LDL) (1,2). The oxidized LDL is the major source of vascular injury, and
components of oxidized LDL stimulate the binding of leukocytes to the vessel
wall and trigger the uptake of the lipoprotein particle by macrophages, smooth
muscle cells, and the endothelium. Continued generation of oxidized products in
LDL induces the generation of cytokines, promotes smooth muscle cell growth,
and endothelial cell apoptosis in the endothelial cells. Nonetheless, the
components of LDL that trigger and sustain the atherosclerotic sequelac have
not been identified and their contribution to specific stages of atherosclerosis has
not been assessed.

LDL oxidation generates an array of bioactive molecules of which
aldehydes are a major component. Oxidation of the lipids is initiated by proton
abstraction from a double bond of unsaturated fatty acids, leading to the
generation of peroxyl radicals and peroxides. The reaction is propagated by
dismutation of peroxides to alkoxyl and peroxyl radicals. Due to the presence of
multiple bis-allylic methylenes in polyunsaturated fatty acids, a large number of
products are generated, of which aldehydes comprise a large fraction (3). One
likely mechanism of aldehyde generation from oxidative C-C cleavage of
cyclized hydroperoxide intermediates is shown in Figure 1. Similar reactions
give rise to other carbonyl products, and additional reactions also generate
aldehydes (3,4). The free aldehyde generated could be of different chain length,
depending upon exact site of cleavage. The chain length of the aldehyde
remaining esterified could also vary. Thus, free and esterified aldehydes with a
different number of double bonds and methylene chains are formed. Among free
unsaturated aldehydes generated from the peroxidation of w-6-polyunsaturated
fatty acids (arachidonate, linolinate and linolenate), 4-hydroxy trans-2-nonenal
(HNE) is formed in the highest concentration, and under some conditions,
accounts for > 95% of alkenals produced (5). Normal cellular levels of HNE are
in the range of 0.8 to 2.8 uM (4). However, under the condition of oxidative
stress, the concentration of HNE in the membrane can reach up to 5 mM and the
concentration of HNE in oxLDL has been estimated to be 150 mM (4).

Lipid-derived aldehydes such as HNE are highly reactive (4) and lead to
apoptosis (6) or necrosis (7). However, in sub-lethal concentrations, they
profoundly affect cell metabolism and signaling. Submicromolar concentrations
of these aldehydes have been shown to induce permeability transition in isolated
mitochondria (8). In addition, HNE activates stress responsive protein kinases
such as c-jun terminal kinase (JNK) and p38, and increases the cellular
production of reactive oxygen species (9). In addition, low concentrations of
HNE sustain a proinflammatory state, by inhibiting the NFk-B/Rel system (10),
and the ubiquitin/proteasome-dependent proteolysis (71).

The core aldehydes, such as 1-palmitoyl-2-(5-oxovaleroyl)
phosphatidylcholine (POVPC), are derived from the oxidation of 1-palmitoyl-2-
arachidonyl-glycero-3-phosphocholine (PAPC), and represent the (-scission
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Figure 1. Generation of aldehydes during phospholipid oxidation.
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product derived from the inner most bis-allylic double bond of the arachidonyl
chain (12). POVPC is generated in high concentrations in minimally oxidized
LDL (mmLDL) and in fatty streak lesions of cholesterol-fed rabbits. It has been
shown to be responsible, in part, for the ability of mmLDL to activate the
endothelium to bind monocytes (73). Aldehydes similar to POVPC, such as 1-
palmitoyl-(1-steraroyl) 2-(9-oxononanoyl)-,1-palmitoyl-(1-stearoyl)-2-(8-
oxooctanoyl)-phosphatidylcholine are also generated in oxLDL, along with
aldehydes such as 9-oxononanoyl, 8-oxooctanoyl, and 5-oxovaleroyl esters of
cholesterol (74,15). Phosphatidylcholine, a major constituent of LDL and cell
membranes of endothelial, smooth, skeletal and cardiac muscles is usually
esterified with an arachidonic acid at the sn-2 position. Thus, POVPC and its
analogs are likely to be the major aldehydes generated from the oxidation of
lipoproteins and membrane lipids of most cells.

Lipid-Derived Aldehydes and Atherosclerosis

Overwhelming evidence suggests that lipid-derived aldehydes play a key
role in atherogenesis. High concentrations of HNE and related aldehydes such as
malondialdehyde (MDA) and acrolein are generated during the oxidation of
LDL (2,4,16). Once formed, these aldehydes form covalent adducts with
nucleophilic amino acid side chains of apoB protein in the LDL particle, thus
neutralizing its surface charge and triggering its uptake by the scavenger
receptor located on macrophages and SMC (17,18). Antibodies raised against
the protein adducts of these aldehydes stain atherosclerotic lesions (77-20), and
high titers of auto-antibodies of protein-aldehyde adducts are present in sera of
humans with peripheral or coronary artery disease (21), and in apoE-null (22) or
LDLR-deficient mice (23). Significantly, monoclonal antibodies raised against
oxLDL (24) or autoantibodies cloned from apoE-null mice (25) specifically
recognize epitopes generated in oxidized phospholipid or phospholipid-protein
adducts derived from phosphatidyl choline, particularly POVPC. Several such
antibodies also recognize protein-HNE adducts. In addition to atherosclerotic
lesions, protein-HNE antibodies also stain focal areas of neointima after balloon
injury (26) or during vasculitis (27), indicating increased formation of lipid-
derived aldehydes during inflammation and restenosis. Interestingly, antibodies
recognizing POVPC also bind to apoptotic cells (28), indicating widespread
formation of phospholipid aldehydes during oxidative stress, which is a key
component of atherosclerosis.

Increased generation of aldehydes during atherosclerosis suggests that they
contribute to disease progression. As mentioned, POVPC activates endothelial
cells to bind monocytes (73). In addition, lipid aldehydes may mediate some of
the toxic effects of oxLDL on the endothelium. Several injurious effects of
oxLDL on endothelial cells have been described including apoptosis (29,30).
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Toxicity due to oxLDL has also been suggested to be the underlying reason for
the morphological changes and focal defects in the integrity of the vascular
endothelium of atherosclerotic arteries, which is an important determinant of
plaque stability (3/).

Upregulation of ICAM-1 by Aldehydes and Adhesion of
Monocytic Cells to Endothelial Cells

The endothelium is a critical regulator of lesion formation and progression.
The primary initiating event in lesion formation in atherosclerotic mice is the
accumulation of LDL in the subendothelial matrix in proportion to the
circulating levels of LDL, which diffuses passively through the endothelial
junctions and is retained in the vessel wall by the interactions between the apoB
of the LDL particle and the matrix proteoglycans (/). In the intima, LDL and
related apoB containing proteins i.e., lipoprotein(a), a lipid rich LDL-like
particle containing an additional poly peptide-apolipoprotein(a) molecule
attached to apolipoprotein B, undergo a series of modifications including
oxidation, lipolysis, proteolysis and aggregation, of which lipid peroxidation is
believed to be the key transformation that renders the intimal LDL atherogenic.
The initial oxidation of LDL gives rise to the minimally modified LDL
(mmLDL) that has proinflammatory properties but is not recognized by the
scavenger receptor. The proinflammatory properties of mmLDL contained
primarily in its oxidized phospholipids, cause an increased generation of
adhesion molecules and growth factors.

We studied the effect of lipid peroxidation-derived aldehydes HNE and
acrolein, on the induction of ICAM-1 on endothelial cells (EC). Human
umbilical vein endothelial cells (HUVEC) were grown to subconfluency in 12-
well dishes. The EC medium containing growth factors and serum was removed.
Cells were rinsed once in DMEM-F12 medium and replaced with 10 ml of
DMEM-F12. Acrolein (1-5 uM) and HNE (5-10 uM) were incubated with EC
for 1h at 37 °C. Following aldehyde exposure, the medium was removed and
replaced with the complete growth medium. Cells were stimulated with TNF-o
(10 ng/ml) for 24h. The viability of EC appeared normal after treatment. The
typical adherent morphology of EC was maintained. Cells were harvested, lysed,
and analyzed on SDS gels followed by western blotting. By itself, neither
acrolein nor HNE had any effect on the expression of ICAM-1. However, in the
presence of TNF-a,, ICAM-1 expression was augmented > 3-fold in the presence of
5 uM acrolein and HNE (Figure 2). Upregulation of adhesion molecules in the
endothelium will result in adhesive interactions of neutrophils and monocytes with
the vessel wall. We, therefore, further studied the effect of these aldehydes on the
adhesiveness of monocytic cells on the endothelial cells. HUVEC were grown to
confluency in 24 well dishes in DMEM medium containing 10% fetal calf
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serum. Prior to the experiment, the cells were washed with serum-free DMEM
medium. The cells were incubated without or with SuM HNE in serum-free
DMEM medium at 37 °C for 1 h. The incubation medium was aspirated out, and
the cells were washed with serum-free DMEM medium (to remove any adherent
HNE). The cells were then stimulated with TNF-a (10 ng/ml) for 24 h in
DMEM medium containing 10% fetal calf serum. Viability of the cells appeared
normal after treatment. The cells were washed with RPMI medium containing
5% fetal calf serum. The U937 cells were cultured in RPMI medium containing
7.5% fetal calf serum. Before the experiment, the cells were washed with
Hank’s balanced salt solution (HBSS) containing 0.1% BSA, counted and
resuspended in HBSS containing 0.1% BSA, 1 mM CaCl, and 1 mM MgCl, ata
concentration of 10° cells/ml. Aliquots of these cells (25-100 x 10 cells) were
then gently layered on HUVEC and allowed to adhere for 30 min at 37°C. The
incubation medium was aspirated out, and the cells were washed with HBSS
containing 0.1% BSA. Adherence of the U937 cells on HUVEC was examined
under the microscope. Under these experimental conditions, more than 50%
U937 cells adhered to HUVEC. The cells bound to HUVEC were then treated
with 0.25% Rose-Bengal in PBS (100 pl/well) for 5 min at room temperature.
The stain was aspirated and the cells were washed with PBS. Aliquots of 200 ul
of a solution of ethanol:PBS (1:1) were added to each well and allowed to stand
for 30 min at room temperature to release the stain. Optical density of the
released stain was measured at 570 nm. HUVEC without the addition of U937
cells were used to estimate non-specific dye binding.As shown in Figure 3, EC
treated with HNE or acrolein had significantly higher adhesiveness for the
monocytic cells (U937 cells). An increase in the number of U937 cells resulted in
an appreciable increase in their adhesiveness to aldehyde-treated EC. This is likely
due to the increased availability of the integrin receptors on U937 cells, mediating
enhanced interaction with EC through ICAM-1. Increased adhesion of monocytic
cells to endothelial cells could lead to the development and progression of
atherosclerotic lesions.

Metabolism of HNE in Human Endothelial Cells

Using HNE as a model lipid-derived aldehyde, we examined the aldehyde-
metabolizing processes in vascular endothelial cells. Human aortic endothelial
cells (3-4 x 10°) were incubated with 5 uM [*H]-HNE in Ringer-HEPES for 30
min at 37°C. Approximately 95% of HNE was metabolized under these
conditions. After 30 min of incubation, the total radioactivity recovered in the
incubation medium was 78 + 8% and < 1% radioactivity was covalently bound to
cell constituents. The metabolites extruded in the incubation medium were
separated on HPLC as described before (32). The individual peaks were assigned
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Figure 3. HNE promotes the adhesion of U937 cells to endothelial cells.
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to specific HNE metabolites on the basis of the retention time of the synthesized
standards (Figure 4). Since the retention time of Peak I corresponded to the
glutathione conjugates of HNE and DHN, the peak was collected and analyzed by
electrospray mass spectrometry (ESI-MS). This showed a predominant peak with
m/z 466.2, which was assigned to GS-DHN (Figure 5). A minor peak with m/z
464.2 due to GS-HNE was also evident, along wiik: < small peak at 446.1. On the
basis of the ESI-MS spectra of synthetic GS-HNE, this peak was assigned to the
dehydration product of GS-HNE. However, total GS-HNE metabolites in both
these peaks was < 30% of the GS-DHN signal, indicating that the extruded
conjugate is predominantly GS-DHN. The other major peak (peak V) accounted
for 23% of the total radioactivity eluted from the column and this peak had a
retention time identical to synthetic HNA. The identity of this peak as HNA was
established by gas chromatography-mass spectroscopy (data not shown).

In addition to endothelial cells, we also studied the metabolism of HNE in
other cardiovascular tissues. Our observations show that similar to endothelial
cells, oxidation to carboxylic acid, glutathiolation and subsequent reduction of the
glutathionyl-aldehyde conjugate are the major biochemical pathways for the
metabolism of HNE in the cardiovascular tissues (Table I) (32-36).

Role of Aldose Reductase in Aldehyde Metabolism

Our previous studies have shown that aldose reductase (AR) efficiently
catalyzes the reduction of medium and long chain ‘free’ lipid-derived aldehydes
(Table II) (37). In addition, AR also catalyzes the reduction of the glutathionyl
conjugates of unsaturated aldehydes such as HNE and acrolein. Interestingly, in
case of short-chain aldehydes, such as acrolein, conjugation with glutathione leads
to a 100-fold increase in the affinity of the enzyme. The reduction of glutathionyl
conjugates by AR may be useful in minimizing the reactivity of the aldehyde
function, unquenched by glutathiolation.

To test the involvement of AR in the metabolism of HNE in EC, the cells
were incubated with sorbinil, the AR inhibitor. After pre-incubation for 30 min
with 100 uM sorbinil, 5.0 uM [*H]-HNE was added to medium and the incubation
was carried out for an additional 30 min, after which the metabolites were
separated on HPLC. The ESI-mass spectrum of peak I obtained from cells treated
with sorbinil showed a prominent peak with m/z 466.2 corresponding to GS-DHN
(Figure 6). However, the peaks at m/z 464.2 and 446.1due to GS-HNE and its
dehydration product were much more prominent in the presence of sorbinil
compared to the untreated cells (Figure 5).

The role of AR in the metabolism of lipid-derived aldehydes is further
supported by the observation that exposure of vascular smooth muscle cells to
HNE or hydrogen peroxide leads to an increase in AR mRNA and protein, and
that inhibition of AR accentuates HNE toxicity (34,38). An antioxidant role of
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Figure 4. HPLC analysis of HNE metabolites. A) Chromatography for
the separation of synthetic GS-HNE/GSDHN, DHN, HNA and HNE. B)
The elution profile of radioactivity recovered from the medium in which
human aortic endothelial cells were incubated with [*’H]-HNE for 30 min.
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endothelial cells.
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Metabolites

GS- HNE/ DHN HNA Others

GS-DHN
Rat
Heart Perfusate 33 3 61 3
Vascular Smooth
Muscle Cells 60 4 27 9
Red Blood Cells 28 3 27 2
Human
Red Blood Cells 28 4 42 26
Vascular Smooth
Muscle Cells 40 3 46 11
Aortic Endothelial
Cells 65 S 23 7

Abbreviations: Glutathionyl 4-hydroxy trans-2-nonanal (GS-HNE), glutathionyl
dihydoxynonene (GS-DHN), dihydoxynonene (DHN) and 4-hydroxy nonanoic

acid (HNA)

Table II. Steady-State Kinetic Parameters of Recombinant Human Heart
Aldose Reductase with Aldehydes

Substrate K,(mM) kc,,,(min")
propanal 4.89+0.41 27.0
butanal 0.058 + 0.005 25.4
hexanal 0.007 + 0.001 25.6
nonanal 0.026 + 0.004 30.1
dodecanal 0.041 + 0.01 36.2
hexadecanal 0.052 £ 0.01 347
HNE 0.03 + 0.009 32.1
GS-HNE 0.02 + 0.008 29.7
acrolein 0.80+0.21 37.6
GS-propanal 0.007 + 0.001 36.3

Abbreviations: Glutathionyl 4-hydroxy trans-2-nonanal (GS-HNE), glutathionyl

propanal (GS-propanal)
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AR has also been proposed by Rittner et al., (27), who reported that during
vasculitis, the expression of AR is specifically enhanced in areas of high HNE
formation. In this model, AR inhibitors increased the concentration of free HNE
and protein-HNE adducts, accompanied by a 3-fold increase in the number of
apoptotic cells (27). In agreement with previous observations (39), they reported
little or no AR in the quiescent, normal SMC of the vessel wall and specific
upregulation of the enzyme during oxidative stress. As compared to SMC, the
vascular endothelium is one of the most AR-rich tissues and high levels of AR
are constitutively expressed in these cells (39). High expression of AR in the
endothelial cells would facilitate efficient removal of reactive aldehydes to
which the endothelial cells are constantly being exposed via blood-borne
toxicants and pollutants. Since oxLDL is the richest in vivo source of lipid-
derived aldehydes, it follows that removal of these aldehydes by AR is likely to
be the key determinant of the endothelial responses to oxLDL.

In contrast to other pathways of metabolism, AR-catalyzed reduction
diminishes the reactivity of the aldehyde and may represent true detoxification.
Although, HNE readily forms glutathione conjugates (4), the formation of GS-
HNE may not, by itself, be sufficient for detoxification. The GS-acrolein
conjugate is markedly nephrotoxic (40), the GS-conjugates of hexenal and
nonadienal induce DNA damage (4/) and GS-acrolein is a more potent
stimulator of oxygen radical formation than acrolein (42). Therefore, reduction
of the glutathione-aldehyde conjugates by AR may be necessary to substantially
annul the reactivity of the conjugate and to diminish their participation in free
radical generation. Reduction could also facilitate extrusion of the conjugate
from the cell.

AR Catalyzes the Reduction of the Phospholipid 'Core'
Aldehyde - POVPC

To test the efficiency of AR in catalyzing the reduction of the phospholipid
core aldehydes, we used POVPC as a representative core aldehyde. POVPC was
a generous gift from Dr. A. D. Watson (University of California, Los Angeles),
and was suspended and stored at -20 °C in chloroform. An aliquot of the
solution was removed, evaporated under N, and dissolved in
methanol:water:acetic acid (50:50:0.1 v/v/v) and injected into ESI-MS. The
aldehyde formed a well-resolved ion with a m/z value of 594.4 (Fig. 7A). When
incubated with 0.1 unit of recombinant AR and 0.1 mM NADPH in 0.15 M
potassium phosphate, pH 7.0, the aldehyde was reduced with a kinetic efficiency
equal to that of HNE. After 30 min of incubation, the enzyme protein was
removed by ultrafiltration and the reaction mixture was desalted using a pipette
tip packed with C;s resin (Zip-Tip; Millipore). The desalted sample was
suspended in methanol:water:acetic acid solution and analyzed by ESI/MS. As
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Figure 7. AR catalyzes the reduction of POVPC.
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shown in Figure 7B, incubation with AR led to complete reduction of the
aldehyde as evidenced by an increase in its m/z ratio by 2. These data provide
key evidence that AR reduces the core aldehyde, POVPC.

Reduction may also be important for inactivating POVPC. Chemical
reduction of POVPC by sodium borohydride abolishes its ability to activate
endothelial cells to bind monocytes (13), whereas, other transformations of
POVPC, such as oxidation or hydrolysis, are likely to be less effective. Due to
low electrophilicity, POVPC is unlikely to be conjugated to glutathione. Upon
oxidation, POVPC forms 1-palmitoyl-2-glutaryl-3-phosphocholine (PGPC),
which is as potent as POVPC in activating the endothelial cells (73). In addition,
even though PAF-AH mediated hydrolysis has been suggested to protect against
free radical injury (43), it leads to the generation of lyso-PC and a saturated
semialdehyde. Both these products are highly reactive. LysoPC alters membrane
conformation and inhibits cell metabolism (77), whereas, semialdehydes disrupt
a host of cellular functions, as exemplified by the extensive tissue degeneration
and metabolic disorders in patients with inherited succinate semialdehdye
dehydrogenase deficiency (44). Thus, the protective effects of PAF-AH may
depend upon subsequent metabolism by enzymes such as AR, and even though
multiple pathways of aldehyde metabolism exist, AR-catalysis is likely to be the
most significant mode of aldehyde detoxification. In addition, AR catalysis may
have other protective effects. Reduction of medium to long-chain aldehydes by
AR leads to the formation of relatively inert alcohols. These alcohols are
principal precursors of plasmalogens, which do not propagate lipid peroxidation
reactions (45), and, therefore, decrease the sensitivity of biological membrane to
oxidative stress. Thus, by generating metabolically inert alcohols, AR catalysis
will not only inactivate phospholipid aldehydes, but also facilitate phospholipid
remodeling so as to enhance cellular resistance to subsequent oxidative stress.
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Smoking is linked to lung cancer, yet only a small fraction of
smokers develop this disease. Identification of genetic,
environmental and nutritional factors that affect lung-cancer
risk might explain why some smokers are more likely to
develop lung cancer than others. The balance between
metabolic activation and detoxification is critical in
determining the susceptibility to lung cancer upon exposure to
the tobacco-specific nitrosamine 4-(N-methyl-N-nitrosamino)-
1-(3-pyridyl)-1-butanone (NNK). In man, activation of NNK
occurs by cytochrome P-450 (CYP)-mediated
monooxygenation, whereas detoxification is initiated by
carbonyl reduction of NNK to its corresponding alcohol 4-(N-
methyl-N-nitrosamino)- 1-(3-pyridyl)-1-butanol (NNAL) which
is glucuronosylated and excreted. Because carbonyl reduction
of NNK is essential for glucuronosylation, producing the
detoxified metabolite NNAL-Gluc, the equilibrium between
NNK and NNAL is suspected to play a key role in the
carcinogenicity of NNK and its organospecificity. Our studies
are focused on the identification, expression and activity of
NNK carbonyl reductases. Five different NNK carbonyl
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reductases have been identified in man: Two are members of
the short-chain dehydrogenases/reductases, namely 11B-
hydroxysteroid dehydrogenase type 1 and cytosolic carbonyl
reductase and three are members of the aldo-keto reductase
(AKR) superfamily, namely AKRICl, AKRIC2, and
AKRIC4. All enzymes have been purified to homogeneity
from human liver and characterized with respect to NNK
carbonyl reduction. Since (S)-NNAL is a more potent murine
tumorigen than (R)-NNAL, the cnantioselectivity of the
purified human enzymes was determined. We propose that the
extent of expression and activity of NNK reductases strongly
influences the tissue selectivity of and interindividual
susceptibility to NNK-mediated cancer.

A worldwide public health problem is the increasing number of deaths due
to lung cancer, especially in the developing countries. About 90% of lung
cancers in men and 79% in women are directly attributable to smoking (reviewed
in (/)). Compared with non-smokers, smokers have a 10-fold greater risk of
dying from lung cancer, and in heavy smokers this risk increases to 15- to 25-
fold (2). Although at least 55 carcinogens have been identified in cigarette
smoke, there is strong evidence that tobacco-specific nitrosamines play an
important role in cancer induction by tobacco products, among which 4-(N-
methyl-N-nitrosamino)-1-(3-pyridyl)- 1-butanone (NNK) is the most carcinogenic
(reviewed in (3)). NNK is a potent and selective inducer of adenocarcinoma of
the lung in rodents. In F344 rats, lung tumors were induced regardless of the
route of administration, including in drinking water, or by subcutaneous
injection, gavage, oral swabbing or intravesicular injection (reviewed in (3)).
Uptake of NNK by humans has been conclusively demonstrated by
quantification of its metabolites in urine of smokers (4-8).

NNK is a Procarcinogen That Requires Metabolic Activation

There are competing metabolic pathways for the activation and
detoxification of NNK. NNK is metabolically activated by a-hydroxylation at
the carbons adjacent to the N-nitroso group, catalyzed by various cytochrome P-
450 (CYP) enzymes (reviewed in (3)). Of the human CYPs examined, CYP1Al,
CYP1A2, CYP2A6, CYP2B6, CYP2D6, CYP2El, CYP2F1 and CYP3A4
catalyze the formation of carcinogenic NNK metabolites (reviewed in (9)).
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Involvement of other enzymes, such as lipoxygenases and cyclooxygenases in
oxidative metabolism of NNK has also been reported (/0). Metabolic activation
occurs via both methylene hydroxylation to produce a methylating species and
methyl hydroxylation to produce a pyridyloxobutylating species (reviewed in
(3)). The resulting electrophilic intermediates can alkylate DNA bases, thereby
inducing p53 tumor-suppressor gene inactivation and K-ras proto-oncogene
activation. The initial event in NNK-induced lung tumorigenesis is the formation
of N7- and O6-methylguanine (O6mG) or pyridyloxobutylated DNA. Significant
amounts of these DNA lesions are found in lung cancers and are regarded to be
responsible for malignant mutations of normal tissue. For example, studies of
lung carcinogenesis induced by NNK in A/J mice and rats have shown a strong
correlation between lung tumor formation and levels of 06mG adducts. O6mG is
a major promutagenic adduct which leads to GC-> AT transitional mispairing
and an activation of the K-ras proto-oncogene in the A/J mouse lung. Other
studies in A/J mice focused on NNK-induced pyridyloxobutylated DNA and
found that this bulky DNA adduct inhibits repair of O6mG (reviewed in (3)).

Carbonyl Reduction Initiates Detoxification of NNK

A major pathway of NNK metabolism is its conversion to its carbonyl
reduction product 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),
which has been evaluated in cultured human tissues and human liver and lung
microsomes (//,12). NNAL-N-oxide is another NNK detoxification product
found in human urine, although its level is relatively low (6), indicating that
pyridine N-oxidation is a relatively minor detoxification pathway in humans
compared to carbonyl reduction/glucuronidation.

Despite the fact that NNAL is carcinogenic itself in rats and mice (3),
carbonyl reduction of NNK to NNAL can be considered as a detoxification
pathway since NNAL is rapidly glucuronosylated and excreted. In other words,
carbonyl reducing enzymes initiate the final detoxification of NNK by reducing
the ketone moiety of NNK to provide the hydroxy function in NNAL necessary
for glucuronosylation (/3). Both NNAL and NNAL-Gluc were detected in the
urine of smokers, smokeless tobacco users, and nonsmokers exposed to
environmental tobacco smoke (4-8).

It has been suggested that the NNK/NNAL ratio in a given tissue is
extremely important for organ susceptibility to the development of cancer (/3-
16). Thus, the high level of NNAL formed by rat liver facilitates elimination of
NNK, consequently resulting in low tumor yield in this organ, while the lack of
NNAL formation in rat nasal mucosa leads to a high tumor incidence (/6).
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The NNAL Enantiomers Differ in Their Carcinogenicity

NNAL is a chiral compound while NNK is prochiral. Recent studies
indicate that stereochemical aspects of NNAL and NNAL-Gluc formation could
play an important role in the metabolic detoxification of NNAL as well as its
carcinogenic activity (/7). Bioassay results in A/J mice indicate that the
carcinogenic potency of (S)-NNAL was equal to that of the parent compound
NNK, while (R)-NNAL was less potent (/7). It was hypothesized that this
difference could be caused by the difference in the in vivo disposition profile of
the two enantiomers rather than a difference in their intrinsic tumorigenic
activity. In vivo, (R)-NNAL is more rapidly eliminated due to (R)-NNAL-Gluc
formation and biliary excretion, while (S)-NNAL is subject to a-hydroxylation
as well as stereoselective localization in the lung. The latter may contribute to
lung selectivity of NNK carcinogenesis (reviewed in (18)).

Individual Differences in Lung Cancer Susceptibility

Only a small portion of all habitual smokers develop lung cancer, suggesting
the existence of susceptibility genes. There are wide variations among
individuals in their ability to metabolize NNK, and these differences may be
linked to lung cancer susceptibility. While the involvement of several CYP
enzymes in the activation of NNK is well documented (3), the relationship
between lung cancer risk, tobacco smoke and CYP activities has been
controversial (/9,20). On the other hand, NNK reduction to NNAL was
estimated to range between 39% and 100% of the NNK dose in smokers (4).
Moreover, the quantification of metabolites in smokers’ urine revealed that NNK
is predominantly metabolized by carbonyl reduction in humans (4,5,7,8,21,22).
Thus, it appears that the NNK/NNAL ratio in an individual is determined by the
activity of NNK carbonyl reductases, and this may determine carcinogenic
outcome

The Emerging Role of NNK Reductases in the Protection
Against Tobacco-Smoke Derived Lung Cancer

Since the enzyme systems responsible for NNAL formation have not been
well characterized, we focused our investigation on the identification,
purification and characterization of NNK carbonyl reductases. Five different
enzymes catalyzing NNK carbonyl reduction in man have been identified in our
studies (Figure 1).
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Figure 1. Simplified scheme of the metabolic fate of the tobacco-derived
carcinogen NNK. The NNK/NNAL equilibrium is determined by the level of
expression and activity of NNK carbonyl reductases which initiate NNK
detoxification by providing the hydroxyl moiety necessary for glucuronosylation
and final excretion. Note that back conversion of NNAL to NNK and pyridine N-
oxidation reactions, the latter being of no significance in humans, are not
shown. Abbreviations: TSNA, tobacco-specific nitrosamines; CYP, cytochromes
P450; UGT, uridine diphosphate glucuronosyl transferase.

These are microsomal 11B-hydroxysteroid dehydrogenase type 1 (118-HSD 1)
(EC 1.1.1.146) (13,15) and cytosolic carbonyl reductase (EC 1.1.1.184) (23),
where both enzymes belong to the short-chain dehydrogenase/reductase (SDR)
superfamily. In addition, three members of the aldo-keto reductase (AKR)
superfamily have been shown to mediate NNK carbonyl reduction, namely
AKRIC1, AKR1C2 and AKR1C4 (EC 1.3.1.20) (23), previously designated as
dihydrodiol dehydrogenases DD1, DD2 and DD4, respectively.
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SDR-Type Reductases Mediating NNK Carbonyl Reduction

The short-chain dehydrogenase/reductase (SDR) family contains more than
1000 proteins and is one of the largest protein superfamilies known to date (24).
Even though there is very little sequence identity (15-30%) among the family
members, two consensus sequences are strictly conserved. One is the GxxxGxG
cosubstrate-binding motif near the N-terminus, and the other is the so-called Ser-
Tyr-Lys triad that comprises the active site and is critical for the catalytic activity
of the SDR members. Despite the low sequence identities, the three-dimensional
structures display a highly similar o/f folding pattern with a central B-sheet,
typical for a Rossmann-fold. The SDR enzymes accept a wide variety of
substrates like sugars, steroids, retinoids, prostaglandins and xenobiotic
aldehydes and ketones (25).

The SDRs have been divided into two large families, the "classical" with
250-0dd residues and the "extended" with 350-odd residues (25). Based on
patterns of charged residues in the cosubstrate-binding region, these families
have recently been classified in seven subfamilies of classical SDRs and three
subfamilies of extended SDRs. Three further families are novel entities, denoted
"intermediate", "divergent" and "complex", encompassing short-chain alcohol
dehydrogenases, enoyl reductases and multifunctional enzymes, respectively.
Both 11B-HSD 1 and carbonyl reductase are members of the cP2 subfamily of
the classical SDRs (26).

11B-Hydroxysteroid Dehydrogenase type 1 (118-HSD 1)

11B-Hydroxysteroid dehydrogenase (11B-HSD) physiologically catalyzes
the interconversion of receptor-active 11-hydroxy glucocorticoids (cortisol) to
their receptor-inactive 11-o0xo metabolites (cortisone). By this action, 113-HSD
regulates glucocorticoid access to both the glucocorticoid receptor and
mineralocorticoid receptor, thereby playing a key role in glucocorticoid
homeostasis (27). Two different isoforms have been described so far, 113-HSD
1 and 11B-HSD 2, which differ in their biological properties and tissue
distribution (28,29).

The type 1 isozyme of 11B-HSD is a low affinity NADP(H) dependent
dehydrogenase/oxo-reductase, with an apparent K,, for glucocorticoids in the low
micromolar range. The enzyme has an almost ubiquitous tissue distribution with
highest expression in the liver. Although the enzyme reaction catalyzed by 113-
HSD 1 in vitro is bidirectional, recent evidence suggest it in vivo to function
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primarily as reductase, reactivating inert 1l-oxo glucocorticoids to the
corresponding receptor-active 11B-hydroxy forms (30-33). This activity is likely
to be of particular importance in tissues such as the liver, adipose tissue and
brain, where it may maintain high intracellular levels of glucocorticoids.

Another important characteristic of 11B-HSD 1 is its ability to reduce a
variety of xenobiotic carbonyl compounds as the first step in a consecutive
detoxification process (34,35). 118-HSD 1 has been purified from mouse (36)
and human (37) liver and was the first enzyme identified to act as NNK carbonyl
reductase (/3). The kinetic properties of 113-HSD 1 regarding NNK metabolism
are shown in Table L.

Table I. Kinetics and enantioselectivity of NNAL formation

by purified enzymes
Enzyme V max Kn (S)-NNAL
11B-HSD 1 245 12 65
Carbonyl reductase 2,800 7 96
AKRI1C1 18 0.2 99
AKRI1C2 17 0.3 96
AKRI1C4 8 0.8 94
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Values are means of three to four individual preparations. V,,, = nmol NNAL / mg x
min; K,, = mM; (S)-NNAL is given as percentage from total NNAL formation.

Carbonyl Reductase

Carbony! reductase (EC 1.1.1.184) is an NADPH-dependent enzyme that
catalyzes the reduction of steroids, prostaglandins and a variety of xenobiotics
(38,39). However, high non-physiological K,, values and low turnover numbers
in animal and human tissues raised some doubts as to the authentic endogenous
steroid and prostaglandin substrates (reviewed in (40)), although the enzyme has
been suggested to act as 30,,208-HSD in animal tissues (39). Wermuth showed
that quinones derived from polycyclic aromatic hydrocarbons were much better
substrates and concluded that carbonyl reductase is the main NADPH-dependent
quinone reductase in human liver, playing a significant role in quinone
detoxification in man (4/). Previous studies on the inhibition pattern of NNK
carbonyl reduction led to the suggestion that carbonyl reductase is the major
NNK reductase in human liver and lung cytosol (42), a finding that was
corroborated with the purified enzyme (23) (Table I).
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AKR-Type Reductases Mediating NNK Carbonyl Reduction

The aldo-keto reductases (AKRs) encompass a large superfamily of
NAD(P)(H)-dependent oxidoreductases that act on a wide variety of natural and
foreign substrates. They all possess the a/Bg-barrel motif characteristic of triose
phosphate isomerase (TIM) and contain approximately 320 amino acids per
monomer. They catalyze the reduction of aldehydes and ketones,
monosaccharides, ketosteroids and prostaglandins. They also catalyze the
oxidation of hydroxysteroids and trans-dihydrodiols of polycyclic aromatic
hydrocarbons and are found in prokaryotes and eukaryotes including yeast,
plants, amphibia and mammals (reviewed in (43)). A systematic nomenclature
for the AKR superfamily was adopted in 1996 (44) and was updated in 2003
(45). (www.med.upenn.edw/akr). The superfamily contains 114 proteins that
distribute over 14 families (AKR1-AKR14).

The AKR1C Subfamily

The AKR1 family contains steroid-hormone transforming enzymes that are
implicated in the inactivation and mechanism of action of steroid sex hormones.
Four NADP(H)-dependent enzymes comprising the AKR1C subfamily and
exhibiting 30-HSD activity have been identified in human tissues (46,47). The
enzymes share more than 83% amino acid sequence identity, and have been
shown to exhibit broad substrate specificities for 3a-, 17B- and 20a-
hydroxysteroids. According to the above mentioned nomenclature they are
termed AKRIC1 - AKRI1C4. Previously used names for the enzymes are:
AKRIC1 = 3a,200-HSD or dihydrodiol dehydrogenase type 1; AKR1C2 = 3a-
HSD type III, bile acid binding protein or dihydrodiol dehydrogenase type 2;
AKRIC3 = 3a-HSD type II, 178-HSD type V or dihydrodiol dehydrogenase X;
AKRIC4 = 3a-HSD type I, chlordecone reductase or dihydrodiol
dehydrogenase type 4 (48,49). In vitro characterization revealed that AKR1C1-
AKRI1C4 display functional plasticity in that they catalyze 3-, 17- and 20-
ketosteroid reductase activity and 3a-, 17B- and 20a-hydroxysteroid oxidase
activity to varying degrees (47). Hence, the enzymes have the capacity to
modulate access of active androgens, estrogens and progestins to their cognate
receptors (50).

AKRICI and AKRIC2

AKRIC1 (30,20a-HSD) has a high k,./K,, for 20-ketosteroid reduction and
is a candidate for the major human 20a-HSD that inactivates progesterone (47).
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AKRIC2 (30-HSD type III) has a k.,/K,, for 3-ketosteroids which is 50-fold less
than that of AKR1C4. Its preference to act as a 3-ketosteroid reductase and as a
3o-hydroxysteroid oxidase suggests that it acts as a peripheral 3a-HSD (47,51).
Importantly, it can interconvert Sa-dihydrotestosterone and 3a-androstanediol in
the prostate and may regulate occupancy of the androgen receptor. Based on
their primary structure, AKR1C1 differs from AKRIC2 only by seven amino
acids (52). Interestingly, AKRIC1 and AKRIC2 play different roles in the
cerebral metabolism of neurosteroids. Neuroactive steroids such as 3a,50-
tetrahydroprogesterone and 3a,5a-tetrahydrodeoxycorticosterone have been
shown to be synthesized from progesterone in animal brains. Comparison of
kinetic constants for the steroids and their precursors among the four human
AKRI1C members suggests that AKR1C1 and AKR1C2 mediate catabolism and
synthesis, respectively, of the neuroactive steroids in the human brain (52).

AKRIC3

AKRI1C3 (3a-HSD type II) does not show significant activities towards the
neurosteroids. Due to its k.,/K,, values it favours 17-ketosteroid reduction over
3-ketosteroid reduction and therefore functions as a peripheral 3a(178)-HSD
(53). It reduces A‘-androstene-3,17-dione to testosterone and estrone to 178-
estradiol and therefore mediates activation of androgens and estrogens.

AKRIC4

AKRI1C4 (30-HSD type I) is liver specific and because of its high k../Ky
for dihydrosteroids it likely works in concert with Sa-reductase and 5B-reductase
in the hepatic clearance of steroid hormones and bile acid biosynthesis (47). In
addition to androgens, it may also control the concentration of circulating
neuroactive steroids. AKR1C1, 1C2 and 1C4 have been purified from human
liver cytosol (54) and their kinetics regarding NNK carbonyl reduction have
been determined (23) (Table I).

Relative Importance of the Individual SDR- and AKR-Type
NNK Reductases

Estimates on the relative importance of the individual cytosolic enzymes for
total NNK carbonyl reduction in human liver can be based on enzyme
efficiencies (Table I) and relative enzyme quantities. On the assumption that
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losses during purification are comparable for the enzymes, ratios of enzyme
quantities in cytosol should be roughly 3 : 3 : 1 : 1.5 for AKRIC1, AKR1C2,
AKRIC4 and carbonyl reductase (23,54). Multiplication by the enzyme
efficiencies (23) results in relative contributions of roughly 20, 20, 1, and 60% to
NNAL formation in cytosol by the four soluble enzymes.

On purification of carbonyl reductase and the three AKR1Cs from human
liver cytosol, no further NNK reductases were detected. Moreover, the
enantioselectivity of NNK reduction in cytosol is in accordance with that of the
isolated enzymes (Table I). In contrast, comparison of enantioselectivities as
well as inhibition experiments suggest the presence of at least two other NNK
reductases in the microsomal fraction, in addition to 11B-HSD 1 (see below).

Enantioselectivity of the SDR- and AKR-Type
NNK Reductases

Because NNK is metabolized to both the (S) and (R) enantiomers of NNAL,
two diastereomeric glucuronides of NNAL are formed (3). The conjugating
enzymes responsible are members of the UDP-glucuronosyltransferase (UGT)
family. Stereochemical aspects of NNAL and NNAL-Gluc formation could
either decide whether NNAL is detoxified or whether it is carcinogenic (3,/7)
Species differences are known to exist in NNAL metabolism. Whereas (R)-
NNAL-Gluc is the major diastereomer in rodent urine, (S)-NNAL predominates
in patas monkey urine (55). Moreover, experiments with toombak users’ urine
demonstrated that (S)-NNAL-Gluc was the predominant diastereomer in these
samples (56). The results of analyses of urine samples from 30 smokers (7)
demonstrated that the enantiomeric ratio of NNAL in urine was 54% (S) and
46% (R), whereas the diastereomeric composition of NNAL-Gluc was 68% (S)
and 32% (R). Therefore, (R)-NNAL-Gluc is the major detoxification product of
NNK in rodents, whereas (S)-NNAL-Gluc seems to be the major detoxification
product of NNK in primates including humans.

In support of this assumption, Ren et al (57) reported that human liver
microsomes preferentially catalyze the formation of (S)-NNAL-Gluc from
racemic NNAL. They identified UGT2B7, which preferentially produces (S)-
NNAL-Gluc and is expressed in human liver, as one of the enzymes involved in
this reaction.

Because (S)-NNAL is the major enantiomer formed by the purified NNK
reductases (Table I) and (S)-NNAL-Gluc is the major glucuronidated
diastereomer observed in the urine of smokers, it is predicted that SDR and AKR
enzymes will play important roles in the detoxification of NNAL (and therefore,
NNK) in human tissues. Using human liver microsomes NNK is reduced to
NNAL to contain 70% (R)-enantiomer (58) in contrast to 35% that results from
the reduction catalyzed by purified 113-HSD 1 (Table I). Therefore, at least one
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other NNAL-forming enzyme should be active in the endoplasmic reticulum of
human liver. This assumption is corroborated by preliminary investigations in
which solubilized 118-HSD 1 could be chromatographically separated from
unidentified NNK-reductases with high enantioselectivities either for (R)- or for
(S)-NNAL formation (58).

Inhibition of SDR- and AKR-Type NNK Reductases by
Licorice

A number of specific inhibitors of NNK reductases are known. However,
the inhibitor glycyrrhetinic acid, a constituent of licorice, deserves special
comment. Licorice is derived from the rhizomes and roots of Glycyrrhiza glabra
L. The extract contains up to 10% glycyrrhizic acid, a saponin-like glycoside 50
times sweeter than sugar. Currently, licorice and glycyrrhetinic acid (the
aglycone of glycyrrhizic acid) are used in a great deal of food products as
aromatizers and sweeteners, as well as in the pharmaceutical industry. Clinical
studies have shown that licorice has spasmolytic properties and beneficial
influences on the healing of gastric ulcers. However, side effects related to high
doses of glycyrrhetinic acid ingestion have been described, including cardiac
dysfunction, oedema, hypertension, disturbance in body-electrolyte balance,
headaches and body weight increase. These negative effects may result from
glycyrrhetinic acid inhibition of a variety of enzymes, including the cortisol
metabolizing 11B-HSD isoforms (59). However, glycyrrhetinic acid is not only a
potent (in nM concentrations) inhibitor of 11B-HSD isoforms (59), but has
recently been shown to inhibit (in pM concentrations) AKR 1C1, 1C2, 1C3 and
1C4 (60). Moreover, glycyrrhetinic acid inhibited the formation of NNAL in
incubations with human cervical microsomes (/6).

Therefore, licorice ingestion may attenuate NNK detoxification by the NNK
reductases. Moreover, licorice is used as a tobacco additive to alleviate mucosa
irritation upon smoking (6/). The amounts of glycyrrhetinic acid found in
cigarette tobacco are 0.11%, which is consistent with a 10% yield from the 1.3%
of licorice added to tobacco (6/). Finally, glycyrrhetinic acid is a known inducer
of CYPs (62). The resulting increase in NNK activation via CYPs could act
synergistically with the inhibition of NNK carbonyl reductases, thereby further
aggravating the toxicological consequences of smoking.

Pluripotency of Hydroxysteroid Dehydrogenases
Physiological Role
Steroid hormones act by binding to receptor proteins in target cells, which

leads to transcriptional regulation of different gene products and the desired
physiological response. In target tissues, however, hydroxysteroid
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dehydrogenases (HSDs) interconvert potent steroid hormones to their cognate
inactive metabolites (and vice versa) and thus regulate the occupancy of steroid
hormone receptors. In normal cell physiology HSDs therefore function as
important prereceptor regulators of signaling pathways by acting as “molecular
switches” between receptor-active and receptor-inactive hormone (63-66).

Importance of Carbonyl Reducing Enzymes

Interestingly, several HSDs have been shown to catalyze the carbonyl
reduction of non-steroidal aldehydes and ketones. Carbonyl reduction is a
significant step in the phase I biotransformation of a great variety of aromatic,
alicyclic and aliphatic xenobiotic carbonyl compounds (67). Compared with the
oxidative CYP system, carbonyl reducing enzymes had, for a long time, received
considerably less attention. However, the advancement of carbonyl reductase
molecular biology has allowed the identification of several carbonyl reducing
enzymes, including pluripotent HSDs that are involved in xenobiotic carbonyl
compound detoxification in addition to catalyzing the oxidoreduction of
physiologic steroid substrates (40). Based on their primary structure these
enzymes could be classified into either the SDR or AKR protein superfamilies
(as dicussed above). As the HSD/carbonyl reductase project continues to
progress, it is anticipated that new members of these groups of enzymes, which
play important roles in not only the metabolism of xenobiotics but also the
biotransformation of a variety of endogenous steroids, are bound to emerge, like
for example hitherto unidentified microsomal NNK reductases.

Evolution of Pluripotency

The existence of enzymes that have arisen independently to have a common
activity has been repeatedly observed in different enzyme families. In many
cases, such analogous enzymes seem to evolve by recruitment of enzymes acting
on different but related substrates, i.e. by minor structural change of a protein
that leads to a novel specificity or even a new class of reactions. The need to
deal with the deleterious effects of toxic aldehydes, ketones and quinones and a
changing endocrine environment may have resulted in the evolution of
pluripotent HSDs.

With their pluripotent substrate specificities for steroids and NNK the HSDs
in this study add to an expanding list of those enzymes that, on the one hand, are
capable of catalyzing the carbonyl reduction of non-steroidal xenobiotics, and
that on the other hand exhibit great specificity for their physiological substrates
(40).
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Outlook

Molecular epidemiology has contributed to a growing awareness of the
importance of susceptibility factors in modulating risks associated with exposure
to environmental carcinogens. Knowledge of the prevalence and distribution of
genetic susceptibility factors and the ability to identify susceptible individuals or
subgroups will have substantial preventive implication, especially if "at risk"
genotypes can be correlated to susceptibility to tobacco smoke-derived lung
cancer.

Modulation of responsiveness to tobacco smoke carcinogens by host genetic
factors may explain why fewer than 20% of smokers will get lung cancer. With
respect to NNK, the search for such host genetic factors is currently focused on
genes coding for activating cytochrome P450 enzymes and in particular on
detoxifying NNK carbonyl reducing enzymes and members of the glucuronosyl
transferase family. The discovery that HSDs initiate the detoxification of the
tobacco-specific nitrosamine NNK is of great interest and provides the basis for
further research. It will be of interest in the future to correlate the expression of
these enzymes in diseased and normal subjects in an effort to understand their
protective role against tobacco-smoke related lung cancer.
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Chapter 6

Aldo-Keto Reductases and the Metabolic Activation
of Polycyclic Aromatic Hydrocarbons

Trevor M. Penning', Nisha T. Palackal’, Seon-Hwa Lee', Ian Blair’,
Deshan Yu', Jesse A. Berlin®, Jeffrey M. Field', and Ronald G. Harvey*

Departments of 'Pharmacology and *Biochemistry and Biophysics, and *Center
for Clinical Epidemiology and Biostatistics, University of Pennsylvania,
Philadelphia, PA 19104
“The Ben May Institute for Cancer Research, University of Chicago, Chicago, IL 60637

Polycyclic aromatic hydrocarbons (PAH) are suspect human
lung carcinogens that are metabolically activated. Five human
aldo-keto reductases [AKR1A1 (aldehyde reductase) and
AKRI1C1-AKR1C4] are implicated in this process since they
oxidize PAH-trans-dihydrodiol proximate carcinogens to yield
reactive and redox-active PAH-ortho-quinones. These ortho-
quinones enter into futile redox-cycles to amplify reactive
oxygen species (ROS) and cause DNA-lesions. AKRICI1 is
highly overexpressed in non-small cell lung carcinoma
patients (/) and in the human lung adenocarcinoma cell line
A-549. AKRIC activity in these cells is sufficient to convert
dimethylbenz{a]anthracene (DMBA)-3,4-diol to DMBA-3,4-
dione. We show that AKR derived PAH ortho-quinones
produce sufficient ROS to mutate the major lung tumor
suppressor gene (p33) in vitro. These mutations eliminate the
transcriptional competency of p53 in a yeast-reporter system
and this change-in-function results from G to T transversions
(p<0.001). These results suggest that AKRs may be involved
in the etiology of human lung cancer.

© 2004 American Chemical Society
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Introduction

Polycyclic aromatic hydrocarbons (PAH) are tobacco -carcinogens
implicated in the causation of human lung cancer. Three pathways of metabolic
activation have been proposed for PAH, Figure 1.

The first pathway involves the formation of radical cations by CYP
peroxidase (2). Radical cations are highly electrophilic and will form
depurinating adducts with DNA (3,4). The second pathway involves diol
epoxide formation (e.g. anti-BPDE) catalyzed by the sequential actions of
CYP1A1/1B1 and epoxide hydrolase (EH) (5-8). Compelling evidence exists
that the diol-epoxide pathway yields ultimate carcinogens. For example, anti-
BPDE-DNA adducts have been detected in vitro and in vivo (9-11). Diol-
epoxides are the most mutagenic PAH-metabolites in the Ames test and
mammalian mutagenicity assays (/2) and are highly tumorigenic in the A/J
mouse lung model (/3,/4). They also target proto-oncogenes e.g. H-ras to cause
cell transformation (/5) and adduct and mutate the tumor suppressor gene p53
(16,17). The third pathway involves PAH o-quinone formation catalyzed by
aldo-keto reductases (AKRs) (/8); where BP-7,8-diol is converted to BP-7,8-
dione. Both the diol-epoxide and o-quinone pathways compete for the same
trans-dihydrodiol proximate carcinogens.

AKRs with dihydrodiol dehydrogenase activity divert trans-dihydrodiol
proximate carcinogens from the diol-epoxide pathway to form catechols which
readily autoxidize to yield reactive and redox-active o-quinones (/9-22)
Autoxidation of the catechol proceeds via two one-electron oxidations via the o-
semiquinone anion radical producing reactive oxygen species (ROS) (23). The
o-quinones have the ability to form covalent adducts with DNA by Michael
addition (24,25). Furthermore, they can be reduced back to the catechol by
either cellular reducing equivalents or by two sequential enzymatic 1 electron
reductions. The PAH o-quinones are not substrates for quinone reductase (26).
These events establish futile redox-cycles in which the formation of ROS is
amplified multiple times. This oxidative stress makes a new level of genetic
damage possible. This damage includes the production of oxidatively damaged
bases e.g., 8-0x0-dGuo (27), DNA strand scission leading to the formation of
base propenals and malondialdehyde (28), and the formation of lipid peroxides
which can decompose to form bi-functional electrophiles such as 4-hydroxy-2-
nonenal which can adduct DNA. In addition the creation of a prooxidant state by
this pathway may be linked to tumor promotion (29). The AKR pathway
provides a potential link between PAH metabolism and ROS formation, where
ROS are the causative agents in radiation induced carcinogenesis. Whether this
pathway of metabolic activation occurs in humans and its impact on the etiology
of human lung cancer is the subject of this article.
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Figure 1. Metabolic routes of PAH activation.
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Human Aldo-Keto Reductases and PAH 0-Quinone Formation

Multiple human AKRs have been implicated in the formation of PAH o-
quinones based on their ability to oxidize benzenedihydrodiol to catechol (30-
33). These enzymes include AKR1C1-AKR1C4 which were originally purified
from human liver, and share greater than 86% amino acid sequence identity.
These enzymes are known by a variety of trivial names: AKR1C1 is also 20a-
hydroxysteroid dehydrogenase (HSD) and dihydrodiol dehydrogenase 1;
AKRIC2 is also type 3 3a-HSD, bile-acid binding protein and dihydrodiol
dehydrogenase 2; AKRIC3 is also type 2 3a-HSD, type 5 17B-HSD and
dihydrodiol dehydrogenase X; and AKR1C4 is type 1 3a-HSD, dihydrodiol
dehydrogenase 4 and chlordecone reductase. In addition, AKR1A1 (human
aldehyde reductase) may be involved in PAH o-quinone formation (34). This
latter enzyme catalyzes the reduction of glyceraldehyde to glycerol and
mevaldate to mevalonic acid. This enzyme is thus involved in triglyceride and
cholesterol metabolism. The possibility that this general metabolic enzyme may
be involved in PAH activation is provocative.

Involvement of Aldehyde Reductase (AKR1A1) in PAH Activation

To determine whether AKR1A1 may catalyze the AKR pathway of PAH
activation, the cDNA for AKR1A1 was obtained by RT-PCR using poly(A)'-
RNA from human hepatoma cells (HepG2) as template (2/).

The cDNA was subcloned into a prokaroytic expression vector (pET16b)
and the recombinant protein was purified from the E. coli host in milligram
amounts. Recombinant AKR1A1 catalyzed the NADP*-dependent oxidation of
()-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene  (BP-7,8-diol) with a
utilization ratio (Vpx/Kn) superior to any other human isoform (also, see Table
1). RP-HPLC analysis indicated that only 50% of the racemic BP-7,8-diol was
oxidized. Isolation of the unreacted isomer followed by CD-spectrometry
showed that the (+)-S,S-isomer remained, while the isomer formed metabolically
in vivo, the (-)-R,R-diastereomer was preferentially oxidized, Figure 2. Thus,
AKRI1AL1 displays the correct stereochemistry to be involved in the in vivo
metabolism of BP-7,8-diol.

The product of the AKR1A1 reaction was identified as the highly reactive
BP-7,8-dione which was trapped as its thio-ether conjugate with 2-
mercaptoethanol. The thio-ether conjugate was characterized by LC/MS
yielding a MH" (m/z = 359) and a fragment ion corresponding to the loss of 1
carbonyl group [MH'-CO; m/z = 331]. The spectrum of the conjugate was
identical to that observed for the authentic synthetic standard. The product peak
could be easily distinguished from the substrate BP-7,8-diol which gave a MH'
minus water [MH"-H,0; m/z = 269].
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Figure 2. Role of aldehyde reductase in the metabolism of (-)-BP-7,8-diol. RT-
PCR cloning from HepG2 cell total RNA (A); HPLC time course for the NADP+
dependent oxidation of BP-7,8-diol mediated by recombinant AKRIAI (B);
initial velocity for BP-7,8-diol oxidation with comparison of Vmax/Km for
AKRIC2 (C),; and CD-spectra showing that the (+)-BP-7,8-diol isomer remains
at the end of the AKR1AI catalyzed reaction (D).

Because tissues are exposed to the parent PAH rather than the trans-
dihydrodiol substrate, we determined whether AKR1A1 was expressed in PAH
target tissues and whether there was co-expression with CYP1Al and EH.
Multiple human tissue expression array analysis was performed. All three
enzymes were expressed in liver, salivary gland, trachea, lung and esophagus;
all sites of PAH exposure, suggesting that the enzymatic machinery exists to
activate PAH to PAH o-quinones in these tissues via AKR1A1.

Involvement of AKR1C1-AKR1C4 in PAH Activation

The remaining AKR isoforms (AKR1C1-AKR1C4) implicated in PAH
metabolism/activation were cloned and expressed in a manner similar to that

In Aldo-Keto Reductases and Toxicant Metabolism; Penning, T., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2003.



Publication Date: October 13, 2003 | doi: 10.1021/bk-2003-0865.ch006

Downloaded by PENNSYLVANIA STATE UNIV on July 17, 2012 | http://pubs.acs.org

88

described for AKR1A1 (35). SDS-PAGE and immunoblot analysis verified that
each enzyme was obtained in homogeneous form. The utilization ratios for the
oxidation of a structural series of trans-dihydrodiols: BP-7,8-diol (bay-region);
dimethylbenz[a]anthracene-3,4-diol =~ (methylated @ bay  region) and
benz[g]chrysene-11,12-diol (fjord-region) were determined using recombinant
AKRIC1-AKRIC4.  Structure-activity  relationships show that the
carcinogenicity of diol-epoxides increases when the bay region is methylated or
when it becomes more hindered due to th: presence of a fjord region. To
determine whether AKRs could oxidize the trans-dihydrodiols of these potent
proximate carcinogens reactions were performed with the recombinant enzymes.
Aldehyde Reductase (AKR1A1) had the highest utilization ratio for BP-7,8-diol
while AKR1C4 had the highest utilization ratio for methylated and fjord-region
trans-dihydrodiols, Table 1 (22,35,36). In examining the stereochemical
preference for each substrate, AKR1A1 was stereospecific while AKR1C1-
AKR1C4 consumed both isomers of the racemic substrates.

Table 1. Oxidation of PAH trans-dihydrodiols by human AKR Isoforms

PAH trans- AKR1A1 AKRIC1 AKRIC2 AKRIC3 AKRIC4
dihydrodiol

Vnax/ K (pmoles 'min”'/[S])
Benzo[a]pyrene- 800 180 235 22 103
7,8-diol
Dimethylbenz[a]a 2625 200 1266 531 5000
nthracene-3,4-diol
Benzo[g]chrysene 304 122 133 620 4400
-11,12-diol

AKRs and the Etiology of Human Lung Cancer

If AKRs oxidize PAH trans-dihydrodiols to o-quinones what is their
relationship to human lung cancer? Using the technique of differential display it
was found that AKR1C1 was overxpressed by up to 50-fold in 83% of patients
with non-small cell lung carcinoma (/). If PAH o-quinones are produced in lung
carcinoma cells can they also account for the most common mutations (G to T
transversions) in the proto-oncogene K-ras (37) and in the tumor suppressor
gene p53 (38) which are among the most commonly mutated genes in lung
cancer? G to T transversions occur at discrete sites known as “hot-spots” in
these genes and cause a change in function resulting in altered cell growth
properties.
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Functional AKR1C Expression in Human Lung Adenocarcinoma

To validate the results from the differential display experiments, microarray
analysis was performed on 96 human tissues and cells using a cDNA probe for
AKRIC1 (22). Highest expression levels were observed in the human lung
adenocarcinoma cell line A549. Northern analysis using RNA from the A549
lung carcinoma cell line confirmed that AKR1C1 transcript was overexpressed,
Figure 3.
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Figure 3. Overexpression of AKRIC isoforms in human lung A549 cells. (4)
Northern analysis showing 1.1 kb transcript in HepG2 cells (lane 1); A549 cells
(lane 2); H441 cells (lane 3); H358 cells (lane 4); and H358-AKRI1C2
transfectants (lane 5); (B) RT-PCR detection of transcripts in A549 cells; and
(C) enzyme activity measurements in A549 cells using 1-acenaphthenol as
substrate.

Subsequently, isoform specific RT-PCR showed that AKR1C1-AKR1C3
transcripts were all overexpressed in A549 cells whereas AKR1C4 was not
because it is liver specific. Using 1-acenaphthenol as an artificial substrate,
higher enzyme activity was observed in the A549 cells than that observed in
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human hepatoma cells, and 50-fold greater activity was observed than that seen
in human bronchoalveolar cells of epithelial origin (H-358). The activity was
also 5-fold greater activity than that observed in H-358 cells stably transfected
with AKRI1C2.

PAH 0-Quinone Formation in Lung Adenocarcinoma Cells

To determine whether the activity in human A549 cells is sufficient to make
PAH o-quinones, A549 cell lysates were challenged with the potent proximate
carcinogen DMBA-3,4-diol. Because DMBA-3,4-dione is one of the most
reactive PAH o-quinones that can be produced by the AKR pathway, attempts
were again made to trap the cell-derived product as its thioether conjugate. It
was found that DMBA-3,4-dione was trapped as its mono and bis-thioether
conjugates with 2-mercaptoethanol. LC/MS analysis of the mono-conjugate
gave MH' (m/z = 363) and a fragment ion of [MH-H,O"; m/z = 345]. By
contrast, LC/MS of the bis-conjugate gave a MH" (m/z= 439) and fragment ions
of [MH-H,0", m/z = 421; and MH- SCH,CH,0H", m/z = 362] were observed.
In each instance the spectra were identical to the authentic synthetic standard.
['H])-NMR of the mono-conjugate shows the absence of the vinylic proton at C2.
This supports a mechanism in which there is sequential 1,6- followed by 1,4-
Michael addition of the thiol to yield the final bis-conjugate (22). Between each
addition there would be autoxidation of the intermediate catechol with the
concomittant production of ROS.

DNA-Lesions Caused by PAH 0-Quinone Exposure

PAH o-quinones produced by the AKR pathway have the potential to
produce a variety of DNA-lesions that could cause G to T transversions in target
genes e.g., p53 and K-ras.

First, they may form covalent adducts by 1,4-Michael addition to form
stable-bulky adducts with either the N’- exocyclic amino group or the N°-
exocyclic amino groups of deoxyguanosine and deoxyadenosine, respectively.
Translesional synthesis by error-prone by-pass DNA polymerases may then give
rise to G to T transversions, Figure 4.

Evidence for stable adducts exists. /n vitro the reaction of [*H]-BP-7,8-
dione with calf thymus DNA followed by subsequent digestion of the DNA to
its constituent deoxyribonucleosides gave a single adduct which co-migrated
with that formed by the reaction of [°H]-BP-7,8-dione with oligo-dG followed
by enzymatic digestion (24), Figure 5.

Second, PAH o-quinones could undergo nucleophilic attack by N7 of a
purine base with resultant cleavage of the glycosidic bond to give BP-7,8-dione-
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N7-guanine, or BP-7,8-dione-N7-adenine depurinating adducts. The resultant
abasic site has a preference for the introduction of A opposite that site giving
rise to a G to T transversion on the daughter strand. Depurinating adducts for
naphthalene-1,2-dione, phenanthrene-1,2-dione and benzo[a]pyrene-7,8-dione
have been synthetically prepared and detected upon treatment of calf thymus
DNA with PAH o-quinones. In each instance the depurinating adducts were
fully characterized by LC/MS (25).

Third, because PAH o-quinones are redox-active they can produce ROS.
ROS attack of deoxyguanosine can give rise to 8-oxo-deoxyguanosine which
can be detected by EC-HPLC following digestion of the exposed DNA. High
levels of 8-oxo-dGuo have been detected in calf thymus DNA following
treatment with naphthalene-1,2-dione under redox cycling conditions (e.g.
NADPH and S9), (> 200 8-ox0-dGu/10° dG (26,27). If unrepaired, 8-oxo-dGuo
will mispair with adenine, providing an additional straightforward route to a G
to T transversion.

Fourth, ROS production can lead to hydroxyl radical attack of deoxyribose
leading to DNA strand scission and the formation of base propenals which
hydrolyze to yield malondialdehyde, which is highly mutagenic (28). DNA-
strand scission mediated by PAH o-quinones has been observed under redox-
cycling conditions using poly-dC.dG, $X174 DNA and in rat hepatocytes (29).
Apart from ROS modifications of DNA, ROS can also attack polyunsaturated
fatty acids to yield lipid hydroperoxides which can decompose to yield bi-

8-0x0-dGuo
BP-7,8dione-N?-dGuo » detected by EC-HPLC
grepared with oligo -p(dGNO * reactions with NP-1,2-dione
etected in calf thymus DNA withredox-cycling:
« characterized by LC/MS 200 8-0x0-dG/10° dG

COVALENT PAH ADDUCTS ‘O ROS-DERIVED ADDUCTS
o /

/ O BP-7,8Dione \

NP-1,2dione-N7-Gua DNA Strand

Ph-1,2dioneN7-Gua Scission

BP-7,8dione-N7-Gua 0.1 uM BP-7,8dione

. 3ynthetically prepared plusredox-cycling
SR B P poledC.dG

* characterized by LC/MS « hepatocyte DNA

Figure 5. DNA-lesions detected with PAH o-quinones.
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functional electrophiles, e.g. 4-hydroxy-2-nonenal and 4-oxo-2-nonenal which
can give rise to etheno-adducts of unknown mutagenic potential. Thus, PAH o-
quinones can cause a variety of DNA-lesions that could result in G to T
transversions. The question exists as to whether PAH o-quinones can cause
mutations in critical target genes.

ROS Generated by PAH 0-Quinones Cause Change-in-Function Mutations
in p53.

The p53 tumor suppressor gene is mutated in 60% of all human lung
cancers. In smokers “hot-spots” undergo point mutations and 76% are G to T
transversions (38). Susceptible codons that cause a change-in-function in the
DNA-binding domain of p53 include 157, 158, 245, 248, 249 and 275. We have
established a yeast-reporter system that measures changes in the transcriptional
competency of p53 following treatment with a mutagen (39). In this assay wt
P53 cDNA is treated with a mutagen, and the cDNA is inserted back into a “gap-
repair” vector by homologous recombination upon transformation into yeast
strains. The host yeast strain contains an adenine reporter gene stably integrated
into its chromosome under the control of the p21 promoter. In the presence of
limiting adenine wt p53 will turn yeast colonies white, while mutated p53 will
turn colonies red (positive selection), Figure 6.

As a positive control WT p53 was treated with the test mutagen, N-methyl-
N-nitroso-N-nitroguanidine. Isolation of the p53 plasmid from the red colonies
followed by re-transformation validated that a change-in-function mutation was
present. Dideoxysequencing revealed that 15/17 mutations were C to T
transitions, this high preponderance of this single point mutation is consistent
with previous findings with this alkylating mutagen (40).

In this assay BP-7,8-dione was found to be ineffective by itself or in
combination with NADPH. However, BP-7,8-dione was found to be a potent
p53 mutagen at sub-micromolar concentrations in the presence of NADPH and
CuCl, to amplify the production of ROS. At these concentrations ds-cDNA for
p53 was not fragmented. Thus, at 0.25 uM BP-7,8-dione the mutation frequency
observed was 5.1% (113/2200 colonies). A similar mutagenic frequency was
seen with (1) anti-BPDE at concentrations that were 80x greater. The
mutagenicity of BP-7,8-dione was attenuated by ROS scavengers but completely
blocked by catalase and superoxide dismutase indicting that both OH® radical
and superoxide anion were the responsible mutagens.

The mutational pattern caused by BP-7,8-dione in p53 resembled that found
in human lung cancer. The p53 plasmids were isolated from the mutated
colonies and the DNA-binding domain was subjected to dideoxysequencing. It
was found that the ROS produced by BP-7,8-dione caused single-point
mutations rather than multiple mutations. The frequency of G to T transversions
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